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Abstract

Purpose: Glaucoma describes progressive optic neuropathies characterised by retinal
ganglion cell (RGC) death with corresponding loss of visual field. Our group
demonstrated P2X7 receptor (P2X7R)-mediated RGC death, increase in interleukin-
1B (IL-1B) and interleukin-10 (IL-10) expression in the human retina. Miller cells may
have a role in glaucomatous neuroinflammation and neurodegeneration. The
purpose of this research was to: (i) identify the purinergic (P2) receptors; (ii)
determine if stimulation of the P2X7R mediates cell-death and (iii) determine if
stimulation of the P2X7R mediates IL-1B and IL-10 cytokine expression in human
Miller cells.

Methods: P2 receptor mRNA expression in MIO-M1 cells (immortalised human
Miller cell line) and retinal tissue was evaluated using real time quantitative
polymerase chain reaction (RT-qPCR). Purinergic (P2) evoked intracellular Ca®*
responses were measured using calcium microfluorimetry. Change in cell viability or
cell cytotoxicity was determined with MTS and LDH assays respectively. IL-1R1, IL-q,
IL-1B and IL-10 mRNA and protein were measured with RT-gPCR and enzyme-linked
immunosorbent assay (ELISA) respectively. Inhibitors of IL-1B downstream signalling
pathways were used to investigate IL-1 induced IL-10 release.

Results: MIO-M1 cells expressed mRNA for P2X4-7, P2Y1, P2Y,, P2Y4, and P2Y12-14 with
enriched expression of P2X7R and P2YsR compared to human retinal tissue.
Intracellular Ca?* responses provided functional evidence for P2X7R, P2Y1R, P2Y12R
and P2Y14R. Prolonged stimulation of the P2X7R showed no significant change in
viability or death of MIO-M1 cells. Stimulation of the P2X7R did not cause an increase
in IL-1a, IL-1B or IL-10 mRNA expression. IL-1R1 was expressed in MIO-M1 cells. IL-
1B stimulation of IL-1R1 produced a 6.2-fold rise in IL-10 mRNA expression (p=0.03)
and 1.37-fold rise in intracellular protein (p<0.0001) at 24 hours.

Conclusions: Evidence demonstrated functioning P2X7R, P2YiR, P2Y14sR and
suggested functioning P2Y4R, P2Y12R in human Miiller cells. Other groups established
high concentrations of ATP stimulate P2X7R mediated IL-1B release from microglial
cells. Here it is suggested retinal IL-1B activates IL-1R1 in Miiller cells causing IL-10
protein production. Thereby, high concentrations of ATP in the human retina may
cause activation of an IL-1B-IL-10 axis mediated by the Miiller cell. There was no
evidence that the P2X7R in the human Miiller cell contributed to the proposed IL-1j-
1L-10 axis.
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Glossary of Abbreviations

ABC ATP binding cassette

AC Adenylyl cyclase

ACA Anterior chamber angle

ADA Adenosine deaminase

ADP Adenosine diphosphate

ADPfS Adenosine 5'-(B-thio)-diphosphate

AGIS Advanced Glaucoma Intervention Study

AK Adenosine kinase

ALT Argon laser trabeculoplasty

ALPI Argon laser peripheral iridoplasty

AMP Adenosine monophosphate

ANOVA Analysis of variance

AP Alkaline phosphatases

ApiA Diadenosine tetraphosphate

Ap5yB Adenosine pentaphosphate y-boranophosphate
ASC Apoptosis-associated speck-like protein containing a CARD
ATP Adenosine triphosphate

ATPyS Adenosine 5-O-(3-thio)triphosphate

A3P5P Adenosine-3'-phosphate-5' -phosphosulfate
BBG Brilliant blue G

BGI Baerveldt glaucoma implant

BK Big-conductance potassium channels

BPTU 1-(2-(2-(tert-butyl)phenoxy)pyridin-3-yl)-3-(4-

(trifluoromethoxy)phenyl)urea

BzATP Benzoyl-benzoyl adenosine 5’-triphosphate
CALMH Calcium homeostasis modulator channels
CAM Complementary alternative medicines
cAMP Cyclic adenosine monophosphate

CCL2 C—C motif chemokine ligand 2

ccT Central corneal thickness
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cD
cDNA
CD73
CITGS
CNS
CNT
CNTGS
CORM 2
CSF
CSIF

Ct

CTP
Cyclodiode
CXCL1
CXCL10
Cyc1
DAG
DAMP
DMEM
DMSO
DNA
dNTP
DPBS
DS
EAGLE

ECP
ECso
ELISA
EMGT
ENPPs

Cluster of differentiation

Complimentary deoxyribonucleic acid
Ecto-5’-nucleotidase

Collaborative Initial Glaucoma Treatment Study
Central nervous system

Concentrative nucleoside transporters
Collaborative Normal Tension Glaucoma Study
Carbon monoxide donor 2

Cerebrospinal fluid

Cytokine synthesis inhibitory factor

Cycle threshold

Cytidine-5’-triphosphate

Trans-scleral diode laser cyclophotocoagulation
C-X-C motif chemokine 1

C-X-C motif chemokine ligand 10

Cytochrome C1

Diacylglycerol

Damage associated molecular pattern
Dulbecco’s Modified Eagle Medium

Dimethyl Sulfoxide

Deoxyribonucleic acid

Deoxyribonucleotide triphosphate

Dulbecco’s phosphate buffered saline
Directionally sensitive [retinal ganglion cell]
Effectiveness of early lens extraction for the treatment of primary
angle-closure glaucoma study
Endocyclophotocoagulation

50% effective drug concentration
Enzyme-linked immunosorbent assay

Early Manifest Glaucoma Trial

Ecto-nucleotide pyrophosphatase/phosphodiesterases
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ENT Equilibrative nucleoside transporters

ENTPDases Ecto-nucleoside triphosphate diphosphohydrolases
ER Endoplasmic reticulum

ERK Extracellular signal-related kinases
ETC Electron transport chain

FADH2 1,5-dihydro-fad

FBS Fetal bovine serum

Fura-2 AM Fura-2-acetoxymethyl

GABA Gamma-aminobutyric acid

GCL Ganglion cell layer

GFAP Glial fibrillary acidic protein

GPCR G-protein coupled receptors

GS Glutamine synthetase

GTP Guanosine-5'-triphosphate

GWAS Genome-wide association studies
HBSS Hanks’ Balanced Salt Solution
HORC Human organotypic retinal culture
HRP Horse-radish peroxidase

IFN-y interferon-y

ILM Inner limiting membrane

IL-1a Interleukin-1 alpha

IL-18 Interleukin-1 beta

IL-(1-40) Interleukin-(1-40)

IL-1R Interleukin-1 receptor

IL-1Ra Interleukin-1 receptor antagonist
IL-1RAcP Interleukin-1 receptor accessory protein
IL-1R1 Interleukin-1 type 1 receptor
IL-1R2 Interleukin-1 type 2 receptor
IL-1R3 See IL-1RAcP

IL-10R Interleukin-10 receptor

IL-10Ra Interleukin-10 receptor 1

16



IL-10RB
IL-10R1
IL-10R2
IL-20RB
INL

IoP

IPL

IP3

IP3R
Ipsl
IRAK
Iso-PPADS
JAM-B
JNK
J-RGC
LC

LCC
LDH
LEDs
LGIC
LiGHT

LPS

L-By-meATP

MAPK
MIGS
MIO-M1
miRNA
mRNA
MRI
mtCU

Interleukin-10 receptor 2

See IL-10Ra

See IL-10RB

Interleukin-20 receptor B

Inner nuclear layer

Intraocular pressure

Inner plexiform layer

Inositol 1,4,5-triphosphate

Inositol 1,4,5-triphosphate receptor

Diinosine pentaphosphate

IL-1 receptor-associated kinases
Iso-pyridoxalphosphate-6-azophenyl-2’,4'-disulfonic acid
Junctional adhesion molecule B

c-Jun N-terminal kinases

Junctional adhesion molecule B-positive retinal ganglion cell
Lamina cribosa

L-type Ca®* channel

Lactate dehydrogenase

Local edge detectors
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Selective laser trabeculoplasty versus eye drops for first-line
treatment of ocular hypertension and glaucoma study
Lipopolysaccharide

By-methylene-adenosine 5'-triphosphate
Mitogen-activated protein kinases

Minimally invasive glaucoma surgery
Moorfield’s/Institute of Ophthalmology — Miiller 1 cells
MicroRNA

Messenger RNA

Magnetic resonance imaging

Mitochondrial Ca?* uniporter
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NAADP
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NADH
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NF-kB
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NMDA
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Nrf2
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o-ATP
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Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide and hydrogen
Na*/Ca?* exchange transporter

NIMA-related kinase 7

NF-kB essential modulator

Nerve fibre layer

Nuclear factor kappa B

Nacht, LRR and PYD domains-containing protein 3
Nuclear localisation sequence

N-methyl D-aspartate
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Nitric oxide

Nitric oxide synthase 2

Nuclear factor erythroid 2—-related factor 2
Normal tension glaucoma

Oxidised adenosine triphosphate

Optical coherence tomography

OFF directionally selective [retinal ganglion cells]
Ocular hypertension

Ocular Hypertension Treatment Study

Outer limiting membrane

Optic nerve

Optic nerve head

Outer nuclear layer

ON directionally selective [retinal ganglion cells]
ON-OFF directionally selective [retinal ganglion cells]

Outer plexiform layer
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PIT
PI3K
PKA
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PMCA
POAG
PPADS
PPTN

hydrochloride

pTVT
RB2
RCT
RGC
RNA
RNFL

ROCK inhibitors

ROS
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RT-qPCR
RyR
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Primary angle closure glaucoma

Pathogen associated molecular patterns
p-aminophenylethylthio-ATP

Phosphate buffered saline

Phase contrast microscopy

Poly-D-Lysine

Pigment epithelium derived growth factor
Peripheral iridotomy

Phosphatidylinositol 4,5-bisphosphate
2,2'-pyridylisatogen tosylate

Phosphoinositol-3 kinase

Protein kinase A

Phospholipase C

Plasma membrane Ca%* ATPase

Primary open angle glaucoma
pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid
4-[4-(4-Piperidinyl)phenyl]-7-[4-(trifluoromethyl)phenyl]-2-
naphthalenecarboxylic acid hydrochloride
Primary Tube versus Trabeculectomy study
Reactive blue 2

Randomised control trial

Retinal ganglion cell

Ribonucleic acid

Retinal nerve fibre layer

Rho kinase inhibitors

Reactive oxygen species

Retinal pigment epithelium

Real time quantitative polymerase chain reaction
Ryanodine receptor

Suppressed-by-contrast [retinal ganglion cell]
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SLT
SNARE

SNP
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TAB1
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TAK1
TCA
TGF-B
Thl
Th2
TIR
TLPD
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TLR
TLR-4
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TNF-a
TNP-ATP
TOP1
TRAF6
uDP
UDPBS
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UTP
UTPyS

Standard error of the mean

Smooth endoplasmic reticular Ca?* ATPase
Stock isotonic Percoll

Selective laser trabeculoplasty

Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor

Single nucleotide polymorphism
Sarcoplasmic reticulum

TGF-B-activated kinase 1 binding protein 1
TGF-B-activated kinase 1 binding protein 2
TGF-B-activated kinase 1
Tricarboxylic acid cycle

Transforming growth factor beta

T helper 1 cytokine

T helper 2 cytokine

Toll/interleukin-1 receptor homology
Translaminar pressure difference
Translaminar pressure gradient

Toll-like receptor

Toll-like receptor 4
3,3’,5,5’-Tetramethylbenzidine

Tumour necrosis factor alpha
2',3'-0-(2,4,6-Trinitrophenyl)-ATP
Topoisomerase

Tumour necrosis factor-associated factor 6
Uridine 5’-diphosphate

Uridine 5'-O-thiodiphosphate

United Kingdom Glaucoma Treatment Study
Uridine adenosine tetraphosphate

Uridine 5’-triphosphate
Uridine-5'-(y-thio)-triphosphate
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VEGF
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a,B-meATP
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B,y-CF2ATP
2-MeSADP
2-MeSAMP
2-MeSATP
5'-AMPS
5-BDBD

5’-NT

Vascular endothelial growth factor

Voltage-gated Ca?* channel
Vesicular nucleotide transporter

Yellow fluorescent protein
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o,B-methylene ATP

Alpha retinal ganglion cell
a,B-difluoromethylene-ATP
2-Methylthioadenosine diphosphate trisodium
2-Methylthio-AMP triethylammonium
2-Methylthioadenosine triphosphate
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See CD73
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Chapter 1: Introduction

1.1 Anatomy and Physiology of the Human Eye

1.1.1 Gross anatomy
The eye is a specialised organ that converts light into electrical energy, which is

processed by the brain to produce the sense of sight. The transparent cornea at the
front of the eye and the lens within the eye transmit and focus light onto a layer of
photosensitive cells in the retina (figure 1.1). Cone and rod photoreceptor cells have
differing sensitivities to specific wavelengths of light differentiating and converting
the signal into an algorithm of electrical action potentials. Action potentials are
transmitted along retinal ganglion cell (RGC) axons which group together to form the

optic nerve transmitting information to the brain.
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Figure 1.1: Cross-section of the human eye (Encyclopzdia Britannica, 2021)

1.1.2 Anterior chamber angle (ACA) and aqueous humour dynamics
Aqueous humour fills the two chambers of the eye between the cornea and lens, the

anterior and posterior chambers (figure 1.1 and 1.2).
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Aqueous is a transparent, colourless fluid derived from blood plasma by active
secretion, ultrafiltration and diffusion (Pietrowska et al., 2018). Aqueous is
hypertonic compared to plasma, the greatest differences in its constituents are a
significantly lower concentration of protein (table 1.1; Hubens et al., 2020;
Pietrowska et al., 2018; Chowdhury et al., 2010; Kuchle et al., 1994; Rosenfeld et al.,
2015 and Tripathi et al., 1989) and a significantly higher concentration of the
antioxidant ascorbic acid (vitamin C; Senthilkumari et al., 2014; Huang et al., 1997
and Taylor et al., 1997). Protein concentration is lower to allow optical clarity (Goel
et al., 2010). Ascorbic acid is actively secreted into aqueous against a concentration
gradient by sodium-dependent vitamin C transporter 2 (SVCT 2; Tsukaguchi et al.,
1999). Ascorbic acid acts as an ultraviolet-filter thereby protecting the structures
behind it from ultraviolet-induced DNA damage (Ito et al., 2019; Reddy et al., 1998;
Ringvold, 1996; Rose and Bode, 1991). Ascorbic acid protects against UV radiation
by properties of absorption, fluorescence quenching and wavelength transformation
(Ringwold, 1996). Additionally, it acts as a free-radical scavenger and protects against
oxidative damage (Ito et al., 2019; Nemet et al., 2007; Rubowitz et al., 2003 and
Reddy et al 1998). Ascorbic acid regulates the synthesis of extracellular matrix
molecules collagen and elastin (Yue et al., 1990 and Higginbotham et al., 1988). Low
concentrations of ascorbic acid in aqueous humour are associated with cataract (Wei
et al., 2016; Canadananovic et al., 2015; Reddy et al., 1998 and Chandra et al., 1986)
and may be associated with pseudoexfoliation syndrome (Koliakos et al., 2002) and

Lowe’s syndrome (Hayasaka et al., 1997).
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Constituent Blood plasma Aqueous humour

Protien’® 1t J
Ascorbate®”-? N 0
Lactate!®10 J T
Urea® X) N
Glucose! 1t J
Na*! x4 <

1. Hubens et al., 2020; 2. Pietrowska et al., 2018; 3. Chowdhury et al., 2010; 4. Kuchle et al., 1994; 5. Rosenfeld et al., 2015; 6.

Tripathi et al., 1989; 7. Senthilkumari et al., 2014; 8. Huang et al., 1997; 9. Taylor et al., 1997; 10. Levin et al., 2011; 11. Goel et

al., 2010.

Table 1.1: Relative concentrations of common constituents in blood and aqueous humour

Key: M indicates a relatively higher concentration of constituent; J,indicates a relatively lower
concentration on constituent; € indicates an equivalent concentration of constituent

Aqueous humour is derived from blood plasma by active secretion, ultrafiltration and diffusion.
Aqueous contains similar constituents including: oxygen; carbon dioxide; sugars; proteins
(Gaasterland et al., 1979; Dickinson et al., 1968; Kinsey 1953 and 1951); antioxidants (Reiss et al.,
1986); immunoglobulins (Allansmith et al., 1973; McClellan et al., 1973) and growth factors (Cousins
et al., 1991). Most of the constituents of aqueous are at a lower concentration than blood plasma,

except for the antioxidants ascorbic acid and lactate.

Agueous has two physiologically important roles for the healthy functioning of the
eye: (i) it provides nourishment and removes waste from the avascular cornea and
lens (ii) the balance between production and drainage maintains the intraocular
pressure (IOP) of the eye between 11-24mmHg (Chan et al., 2017), which is necessary

to maintain the shape and optical properties of the eye.

Aqueous is secreted by the ciliary body into the posterior chamber. Aqueous flows
around the lens and through the pupil into the anterior chamber (figure 1.2). Within
the anterior chamber there is convective flow created by a temperature gradient
(Heys and Barocas, 2002). Aqueous leaves the eye at the anterior chamber angle
(ACA) by passive flow via two pathways: a pressure-dependent conventional
pathway, and a pressure-independent non-conventional pathway (figure 1.2; Alm

and Nilsson 2009; Bill 2003; Brubaker 2001; Bill and Hellsing, 1965).
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Figure 1.2: Aqueous humor flow from the posterior chamber of the eye to the anterior chamber of

the eye (Costagliola et al., 2020)

&= Conventional pathway aqueous humor outflow <4~ Conventional pathway aqueous humor outflow

f Diffusional pathway of aqueous humor inflow 4 Uveoscleral pathway of aqueous humor outflow

The ciliary body produces aqueous and it flows through the posterior chamber through the pupil and
into the anterior chamber. The aqueous drains from the eye via (i) the conventional pathway (red
arrow): trabecular meshwork into Schlemm’s canal, the collector channels and taken away by the
episcleral veins (ii). the uveoscleral pathway (blue arrow): the face of the ciliary body, the ciliary
muscle, suprachoroidal space to either veins in the choroid and sclera or through scleral pores to

episcleral tissue.

1.1.3 Retina
The retina is the inner layer of the majority of the eyeball. The choroid and sclera

overlie it (figure 1.1). The retina is a photosensitive nervous tissue that transmits
visual information to the brain for higher processing. At the posterior pole of the
retina is the macula lutea which has a depression called the fovea centralis, the site
responsible for producing the highest level visual acuity. The optic nerve is nasal to
the fovea and transmits visual information from the eye to the brain (Snell and Lemp,

2016).
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The retina is made up of ten layers. Several retinal cell types are arranged along or
across these ten layers (figure 1.3). Rod and cone photoreceptors are specialised cells
responsible for phototransduction, they convert light energy focused onto the retina
into electrical energy which can then be transmitted from cell-to-cell. Rods are
responsible for vision in dim light producing low resolution grayscale images, whilst
cones are responsible for vision in bright light producing high resolution colour
images (Snell and Lemp., 2016). The photoreceptor terminals synapse with dendrites
of the bipolar cells whose single axon synapses with RGCs and amacrine cells. There
are several types of bipolar cell and they connect a rod or cone photoreceptor to
different quantities and types of RGC. Horizontal and amacrine cells act to process
photoreceptor signals. In this way, a degree of visual processing also occurs at a
retinal level (Snell and Lemp., 2016). Retinal ganglion cell axons group together to
form the optic nerve leaving the retina to transmit this visual information to the
brain. Retinal homeostasis is supported by its neuroglia cells: Miller cells, astrocytes

and microglia.
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Figure 1.3: Retinal layers and cell types (Vecino et al., 2016).

The retina is made up of ten layers arranged posteriorly (choroid facing, Ch) to anteriorly (vitreous
facing, not shown). Posteriorly to anteriorly these layers are: retinal pigment epithelium (PE);
photoreceptor outer segment layer (OS); outer limiting membrane (OLM, not shown); outer nuclear
layer (ONL); outer plexiform layer (OPL); inner nuclear layer (INL); inner plexiform layer (IPL); ganglion
cell layer (GCL); nerve fibre layer (NFL) and inner limiting membrane (ILM, not shown.) Nerve fibres
group together to from the optic nerve (ON). Retinal cell types arranged across these layers are: rod
cells (R, orange); cone cells (C, orange); horizontal cells (H, purple); bipolar cells (B, pink); amacrine
cells (A, yellow); ganglion cells (G, orange), Miiller cells (M, blue), astrocytes (As, green) and microglia

(Mi, dark pink). Also shown is a retinal blood vessel (Bv).

1.1.3.1 Retinal ganglion cells and the optic nerve head
Retinal ganglion cells are a heterogeneous group of retinal neurons. Visual

information is transmitted along RGCs dendrites in the IPL, their cell body in the GCL
and their axons traversing across the inner retina forming the NFL (La Morgia et al.,
2017). Retinal ganglion cell axons group together and take a right-angled turn

through the retina forming the optic nerve head (figure 1.4).
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Figure 1.4 (A): In-vitro imaging of RGC axons in an in-tact mouse retina (Norsworthy et al., 2017);
(B): Colour photograph of the human optic nerve head (Bourne, 2013)
In the first image (A) aRGCs are labelled with YFP, RGC axons traverse the retina in the NFL to the

optic nerve head (top right). The second image (B) illustrates the anatomy of the optic nerve head.

Within the eye RGC axons are unmyelinated, after they pierce the lamina cribosa to
leave the eye they become myelinated by oligodendrocyte glial cells in the central
nervous system (Snell and Lemp., 2013). Myelinated RGC axons group together to

form the optic nerve which transmits visual information to the brain.

Over thirty types of RGC exist and they are classified according to their morphology,
gene expression, spacing and physiological properties (figure 1.5; Goetz et al., 2022
and Sanes and Masland, 2015). Not all types of RGCs have been characterised and
overlap exists between classification and nomenclature. Early work on rabbits in the
1960’s identified a class of ON-OFF directionally selective RGCs (ON-OFF DS), a class
of ON directionally selective RGCs (ON DS), a class of OFF directionally sensitive RGCs
(OFF DS) and a class of Local Edge Detectors (LEDs). ON-OFF DS RGCs respond to both
increases in light intensity or ‘ON stimulus’ and decreases in light intensity or ‘OFF
stimulus’. ON DS RGCs and OFF DS RGCs respond only to ON-stimulus or OFF-
stimulus respectively. LEDs are compact cells and stimulus exceeding the size of the
receptive field (RF) does not cause excitation (Barlow and Levick 1965 and Barlow et

al., 1964). RGCs can be further described as transient or sustained. Transient RGCs
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respond to low stimulus frequencies, whilst sustained RGCs do no not respond to low
stimulus frequencies filtering them out (Zhao et al., 2017 and Cleland et al., 1971).
Another class, suppressed-by-contrast RGCs (SbC), decrease their steady firing at
light onset and offset (Wienbar and Schwartz, 2018; Tien et al., 2015). Studies in the
1980s on cat retina identified a class of alpha RGCs (aRGCs, overlap with the term
‘large RGCs’). Alpha RGCs have large somas and branching dendrites and are
classified according to their ON or OFF response (Wassel et al. 1981). Melanopsin
containing RGCs (M1-M4) contain melanopsin and have intrinsic photosensitivity

(Sanes and Masland, 2015).
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Figure 1.5: Retinal Ganglion Cell Types (Schwartz Lab, 2023)

== s Proposed paramorphic pair

Mouse RGCs shown en-face or whole-mount views. There is a variation in size, shape and density
among RGC types. Abbreviations: DS, directionally selective; OS, orientation sensitivity; M,
melanopsin containing; sus, sustained; tr, transient; h, horizontal; v, vertical; RF, receptive field; med,
medium; HD, high definition; UHD, ultrahigh definition; LED, local edge detector and SbC, suppressed-
by-contrast; (Goetz et al., 2022).

1.1.3.2 Retinal neuroglia
Retinal neuroglia are the homeostatic support cells for the retina. Three types of

specialised neuroglia are found in the human retina: Miller cells, astrocytes and

microglia.
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1.1.3.2.1 Miiller cells
In 1851 the anatomist Heinrich Muller described radial
fibers in the retina that later became eponymously
known as Miiller cells. Miller cells are the most
predominant glial cell in the human retina, accounting for
4-5% of all retinal cells (Strettoi and Masland, 1995; Jeon
et al., 1998). Morphologically they extend vertically

traversing all the layers of the retina, placing them in

contact with multiple retinal cell types (figure 1.3 and
1.6), this is beneficial for their role in retinal homeostasis.
The proximal portion of the Miiller cell forms part of the
ILM in contact with the vitreous. The cell nucleus lies

along the INL. The distal portion forms part of the OLM Figure 1.6: Human Miiller cell

. . . - (Reichenbach et al., 1993).
in contact with photoreceptors. Each cell is positioned

Midller cells (blue) envelope
intimately with retinal neurons and blood vessels creating .
retinal neurones (green) and
an anatomical and functional ‘retinal micro-unit’ (figure contact retinal blood vessel

1.6; Reichenbach et al., 1995). (red).

Miller cells provide multiple homeostatic functions in the healthy retina from
providing a scaffold for retinal architecture, metabolic support of retinal neurons and

secreting cytokines (table 1.2).
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Homeostatic function Miiller cell function

Metabolic support and nutrition e Delivery of lactate for oxidative metabolism
of neurons e  Glucose metabolism
lon, pH and water homeostasis e CO: buffering

e Removal of external potassium ions

e Dehydration of inner retina

Protection against oxidative e Scavenging free radicals
stress

Contribution to neuronal e Neurotransmitter uptake
signalling e Neurotransmitter recycling

e Release of neuroactive substances: D-serine, glutamate
and adenosine triphosphate (ATP)

Recycling of photopigments e Transport and conversion of bleached photopigments
Regulation of retinal blood flow e Synthesis and release of vascular endothelial growth

via release of cytokines with factor (VEGF), pigment epithelium derived growth factor
vasoactive properties (PEGF) and transforming growth factor B (TGF-f)
Embryonic retinal development e Provide a scaffold for immature retinal cells allowing

histotypic organisation
Act as optical fibres e  Contribute to vision by acting as optical fibres to guide
light to photoreceptors
Table 1.2: Homeostatic functions of the Miiller cell (adapted from Bringmann et al., 2006 including

Franze et al., 2007)

Miiller cells also have a key role in the pathological retina; they are the first cells to
demonstrate changes in retinal stress or disease (Pfeiffer et al., 2016). Miiller cells
mediate retinal injury and are involved in subsequent retinal remodelling which can
be protective or detrimental to retinal function. Miiller cells are resilient to damage
which allows them to remain available to mediate these events (Silver et al., 1997,
Stone et al., 1999). Broadly, in the pathological retina, they produce cytokines such
as VEGF and TGF-B (Caspi and Roberge, 1989; Roberge et al., 1991; Drescher and
Whittum-Hudson, 1996) as well as phagocytosing cell debris and pathogens (Mano
and Puro, 1990; Stolzenburg et al., 1992; Francke et al., 2001). With other retinal glia
they cause reactive gliosis. Gliosis describes glial cell activation and later scar
formation. Miiller cells increase expression of stress marker proteins (e.g. Glial
fibrillary acidic protein; GFAP), undergo hypertrophy, proliferate and their nuclei

migrate to the apical surface (Bringmann 2009). Initial changes cause alterations in
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microvascular and leukocyte migration that are neuroprotective, but later scar

formation prevents retinal recovery.

1.1.3.2.2 Astrocytes
Astrocytes are a class of central nervous system (CNS) glial cells. Eleven subtypes are

found across the brain, spinal cord and retina. In the retina, astrocytes are
predominantly confined to the NFL and accompany blood vessels in the INL (figure
1.5; Vecino et al., 2016). Astrocytes exist in quiescent and reactive states.
Homeostatic functions include formation of the blood-retinal barrier (astrocyte
endfeet cover and interact with endothelial cells of blood vessels), nourishment of
neuronal cells, neurotransmitter turnover, formation of neuronal synapses and signal

modulation (Vecino et al., 2016).

Astrocytes are highly plastic cells that alter their morphological and functional
properties in response to cytokines produced by other retinal cells or in pathological
states. Astrogliosis is a hallmark of neuronal injury whereby astrocytes change in
morphology from quiescent to reactive. (Franke and llles, 2014). Similar to Mdller
cells previously described, reactive astrocytes initially have neuroprotective
functions, but later glial scar formation prevents retinal recovery. Reactive astrocytes
alongside other glial cells isolate damaged tissue from surrounding healthy neuronal
tissue. Reactive astrocytes also synthesise neurotrophins and pleotrophins that
assist in neuronal recovery (Franke and llles, 2014 and Pekny et al., 2014). However,
they also release several neurotoxic molecules such as nitric oxide (NO) and

ultimately contribute to glial scar formation (Franke and llles, 2014).
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1.1.3.2.3 Microglia

s
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Figure 1.7: Microglial morphology (Karperien et al., 2013).

Ramified microglia have multiple cellular processes and are the dominant morphological form in
physiological conditions. Ramified microglia transition during pathological conditions firstly into
reactive microglia and later into phagocytic or amoeboid microglia. Reactive microglia have shorter

wider processes. Phagocytic microglia lack cellular processes (Beynon and Walker, 2012)

Similar to astrocytes, microglia are also CNS glial cells which exist in quiescent and

reactive states (figure 1.7).

In the retina microglia are located in the innermost layers: the NFL, GCL, IPL and INL
(Chen et al., 2014; Cuenca et al., 2014; Garcia-Valenzuela et al., 2005; Noailles et
al.,2014 and Santiago et al., 2014).

Homeostatic functions include: mediating glial-glial and glial-neuronal interaction
(Colton, 2009; Corraliza, 2014; Prinz and Priller, 2014; Ransohoff and Brown, 2012);
production of anti-inflammatory cytokines and performing local macrophage
functions. In particular, microglial macrophage functions are a crucial role of the
innate immune system as the blood-retinal barrier prevents systemic macrophages

from entering the retina (Carson et al., 2006).

Microglia are activated by endogenous pro-inflammatory stimuli such as

complement or pro-inflammatory cytokines, and exogenous pathogenic stimuli such
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as lipopolysaccharide (LPS). Similar to other retinal glial cells, microglia have
neuroprotective and neurotoxic effects in the human retina. Neurotoxic effects
include release of several neurotoxic molecules such as NO and contribution to glial

scar formation (Beynon and Walker, 2012).

1.1.3.3 Blood-retinal barrier (BRB)
The eye is an immune-privileged organ. The constituents of its aqueous humor,
vitreous humor and extracellular fluid are regulated and comparatively protected
from physiological or pathological variations occurring in the systemic circulation (Lee
and Pelis, 2016; Cunha-Vaz et al., 2011). Immune privilege is predominantly afforded
by the two blood-ocular barriers: the blood-aqueous barrier in the anterior segment
and the blood-retinal barrier in the posterior segment (Lee and Pelis, 2016 and Coca-

Prados, 2014).

The BRB was identified by dye experiments, trypan blue was intravenously injected
into rabbits staining all organs except the CNS and the retina (Palm, 1947). Similar to
the blood-brain barrier, it is a highly selective barrier preventing free-diffusion of
substances between the systemic circulation and the retina (Hosoya and Tachikawa,
2012). The BRB regulates the movement of water, ions, protein and cells across the
retina efficiently supplying its metabolic requirements (Saunders et al., 2014; Hosoya
and Tachikawa, 2012; Cunha-Vaz et al.,, 2011; 1967 and 1966). Protectively, it
restricts the movement of macromolecules and pathogens into the retina.
Structurally, it is composed of two distinct barriers: (i) the inner BRB is formed by
tight junctions between retinal capillary endothelial cells (Kubo et al., 2018; Diaz-
Coranguez et al., 2017) and (ii) the outer BRB is formed by tight junctions between
RPE cells (figure 1.8; Kubo et al., 2018; Diaz-Coranguez et al., 2017; Cunha-Vaz et al.,
2011). Tight junctions are a family of proteins including occludins, claudins, junctional
adhesion molecules and zona occludins (Coco-Prados, 2014). Tight junctions
gatekeep paracellular transport, the movement of substances through the

intracellular spaces between adjacent cells (Coca-Prados, 2014).
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Figure 1.8: Schematic representation of the inner and outer blood-retinal barriers (Cunha-Vaz, 2011).
Abbreviations: BRB, blood-retinal barrier and ECF, extracellular fluid
The BRB is composed of two distinct barriers: (i) the inner BRB is formed by tight junctions between

retinal capillary endothelial cells and (ii) the outer BRB is formed by tight junctions between RPE cells.

The inner BRB has a close association of neurones, astrocytes, Miiller cell foot
projections and pericytes within the retinal capillary endothelium, termed the neuro-
vascular unit (Diaz-Coranguez et al., 2017 and Coca-Prados, 2014). Pericytes enwrap
capillary endothelial cells promoting endothelial remodelling, maturation and
differentiation (Bergers and Song 2005 and Ogawa et al. 2002,). Additionally, they
promote glial interactions (Genove et al. 2010). Pericyte coverage correlates with
BRB integrity, with a pericyte to capillary endothelial cell ratio of 1:1 (Diaz-Cordnguez
et al., 2017). BRB integrity is compromised in several pathological processes
including diabetic retinopathy (Frey and Antonetti 2011). Fluorescein angiography

can be used to image sites of leakage in vivo (Vinores, 1995).
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1.2 Glaucoma

1.2.1 Overview and classification

Glaucoma describes a heterogeneous group of progressive optic neuropathies with a
characteristic irreversible loss of RGCs causing corresponding visual field defects that
may lead to blindness if untreated (Quigley 1999). Glaucoma is a significant
contributor to global morbidity as the leading cause of irreversible blindness
worldwide (Flaxman et al., 2017). There is a predilection for older populations, it
being present in 1% of those over 40 years old and 3% of those over 70 years old in
Caucasians (Denniston and Murray, 2018): in the years to come, the prevalence is
expected to increase as the population continues to disproportionately shift to an
ageing distribution. The pathophysiology of glaucoma is not well-defined and
assumed to be multifactorial, research on this is described further in section 1.2.5.
Currently there is no curative treatment and management focuses on preventing
disease progression by reducing IOP, even if this is found to be within the normal

range.

Glaucoma represents a final common pathway for a number of conditions. The
glaucomas are often classified by aetiology as 'primary' or 'secondary' and by
configurement of the anterior chamber angle as 'open’ or 'closed'. Primary glaucoma
describes glaucomatous optic neuropathy with no associated underlying disease,
whilst secondary glaucoma is due to a separate disease process. Aphakic glaucoma
is an example of secondary glaucoma, described as a delayed complication of
paediatric cataract surgery (Stech et al., 2019; Eksioglu et al., 2018; Haargaard et al.,
2008; Levin, 2007; Chen et al., 2006; Chen et al., 2004; Magnusson et al., 2000; Taylor
et al., 1999; Mills and Robb, 1994; Keech et al., 1989 and Kirsch et al., 1976). The
pathophysiology of aphakic glaucoma is not fully understood; aphakia causes
complex mechanical and biochemical changes in the anterior segment structures and
vitreous (Levin, 2007 and Chen et al., 2006). Many factors are conceivable: (i) co-
morbidity of a congenital cataract and an ACA anomaly (Stech et al., 2019 and Kirsch
et al., 1976); (ii) iatrogenic trauma or distortion of the immature ACA (Stech et al.,

2019 and Kirsch et al., 1976); (iii) iatrogenic synechiae; (iv) vitreous prolapse into the
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anterior chamber (Stech et al., 2019 and Chen et al., 2006) and (v) remaining lens
epithelial cells proliferating on trabecular meshwork affecting function (Lundvall and
Zetterstrom, 1999). Other examples of secondary glaucomas include those caused
by trauma, uveitis, pigment dispersion syndrome, pseudoexfoliation syndrome and
iridocorneal endothelial syndrome. Open-angle glaucoma describes glaucomatous
optic neuropathy without irido-trabecular meshwork apposition, whilst closed-angle
glaucoma is associated with irido-trabecular meshwork apposition that impedes
aqueous drainage from the eye. Most cases of glaucoma are acquired, however,
rarely glaucoma can present in early life, and this is referred to as congenital

glaucoma.

The most common type of glaucoma differs from one region of the world to another:
in Europe primary open angle glaucoma (POAG) is the most prevalent form of the
disease whilst in Asia primary angle closure glaucoma (PACG) is the most prevalent

form of the disease (Denniston and Murray, 2018).

Chronic glaucomas such as PACG, POAG and its subset normal tension glaucoma
(NTG) are usually asymptomatic. It is estimated that nearly half of the individuals in
populations with chronic glaucoma are unaware of their condition (Topouzis et al.,
2007, Mitchell et al., 1996, Dielemans et al., 1994 and Somner et al., 1991). As there
is a pre-symptomatic stage and early treatment reduces the risk of sight loss (Maier
et al., 2005), free screening is offered in the UK to at risk populations (NHS, 2018 and
Health and Medicines Act, 1988) although not population wide (UK NSC, 2019). By
contrast, acute angle closure, that can lead to glaucoma occurs less frequently but is
highly symptomatic requiring immediate treatment to prevent permanent loss of

vision.

1.2.2 Risk factors
Raised IOP is strongly associated with glaucoma. However, the relationship between

IOP and glaucoma is not directly causal as there are eyes with low pressure who
develop glaucoma (NTG), and eyes with high pressure who may not develop

glaucoma (ocular hypertension, OHT). IOP is the only currently proven modifiable
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risk factor in the development and progression of glaucoma. Landmark studies have
shown that glaucoma onset and progression is slowed by reducing IOP. The Ocular
Hypertension Treatment Study (OHTS) showed that reducing the IOP by over 20%
and to less than 24mmHg reduced the conversion rate of OHT to POAG (Kass et al.,
2010 and 2002). The Collaborative Normal Tension Glaucoma Study (CNTGS)
demonstrated that for NTG an IOP reduction by greater than 30% slows the rate of
visual field loss (Anderson et al., 2003). Similarly, the Advanced Glaucoma
Intervention Study (AGIS) and United Kingdom Glaucoma Treatment Study (UKGTS)
demonstrated reducing mean IOP reduced visual field loss (Garway-Heath et al., 2015
and the AGIS Investigators, 2000). The Early Manifest Glaucoma Trial (EMGT) showed
that even small reductions in IOP by 1ImmHg leads to a 10% reduction in progressive
nerve damage (Heijl et al, 2002). However, even with significant reduction in 10P,
OHTS, CNTG and EMGT have demonstrated a subset of glaucoma patients who
continue to experience disease progression (Anderson et al., 2003; Dance et al., 2004;
Bengtsson et al., 2007; Heijl et al., 2009, 2003 and 2002; Hyman et al., 2010; Leske et
al., 2007 and 2003; Kass et al., 2002 and Keltner et al., 2006).

Other major risk factors for developing glaucoma include older age, ethnicity, family
history of glaucoma and high myopia. Meta-analysis demonstrated the odds ratio for
developing POAG was 1.73 for every decade beyond 40 years of age (Tham et al.,
2014). Ethnicity is a risk factor, and it has been shown that Afro-Caribbean ethnicities
are associated with a greater risk of developing POAG compared with European
ethnicities (Tham et al., 2014 and Rudnicka et al., 2006). Family history is a major risk
factor, (Green et al., 2007 Le et al., 2003, Wolfs et al., 1998) the lifetime risk of
glaucoma increasing from 2.3% to 22% for individuals with a first-degree relative with
glaucoma (Wolfs et al.,1998). Recent large genome-wide association studies (GWAS)
meta-analyses have identified over 100 genetic loci associated with glaucoma
(Gharahkhani, et al., 2021; Khawaja et al., 2018; Choquet et al., 2017, Springelkamp
et al., 2017 and Hysi et al., 2014) explaining the high degree of heritability. High
myopia of >8D has also been demonstrated in several populations to be a risk factor

(Qiu et al., 2013; Perera et al., 2010; Xu et al., 2007).
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In addition, male gender is associated with a greater risk of developing POAG
compared with female gender (Tham et al., 2014; Rudnicka et al., 2006 and Gordon
et al., 2002), although female gender is associated with a greater risk of progression

(Group CNTGS, 1998).

Landmark trials have revealed additional risk factors for progressive glaucomatous
damage, such as disc haemorrhages visible on the optic nerve head (ONH) at
diagnosis (figure 1.9) and a history of migraine, in the OHTS and CNTGS respectively
(Budenz et al., 2006 and Dance et al., 2004). As with migraine, other factors thought
to affect perfusion to the ONH have been implicated such as hypotension (Graham
et al., 1995), nocturnal hypotension (Hayreh et al., 1994), history of haemodynamic
collapse (Drance et al, 1973) and Raynaud’s syndrome or vasospastic disease (Gasser
et al.,, 1990). These vascular and ischaemic risk factors are thought to be more
significant in the development of NTG. OHTS identified thin central corneal thickness
(CCT) as a risk factor for developing glaucoma: a CCT below 555um is associated with

a three-fold increased risk of developing POAG.

It has been well documented that steroid use can induce glaucoma and previous use
causing a rise in IOP ‘steroid-response’ is a risk factor for going on to develop

glaucoma (Razeghinejad and Katz 2012; Kersey and Broadway, 2006).

1.2.3 Diagnosis and monitoring
Diagnosis of glaucoma is made by clinical judgement. Currently there are no specific

diagnostic tests. A medical history is taken from the patient to identify any of the
glaucoma risk factors outlined above. Clinical examination includes measuring CCT
by pachymetry, IOP by tonometry and angle grading by gonioscopy. Examination also
assesses for evidence of secondary causes of glaucoma, such as pseudoexfoliation
material (pseudoexfoliation glaucoma), pigment (pigment dispersion syndrome) or
cataract (phacolytic glaucoma). The optic disc is examined for signs of glaucomatous

optic neuropathy (figure 1.9).
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Figure 1.9: Fundal photographs of optic disc (adapted from: Leitman, 2016)

A: Healthy optic disc, the cup: disc ratio is 0.25. B: Optic disc suspicious for glaucoma, the cup: disc ratio
is 0.70 and there is a disc haemorrhage. C: Optic disc with advanced glaucoma, the cup: disc ratio is

0.90 and there is nasalisation of blood vessels.

Investigations for the diagnosis and monitoring of glaucoma include perimetry and
optical coherence tomography (OCT). Perimetry is the systematic measurement of
the visual field. There are several patterns of field loss which are suspicious for
glaucoma including horizontal defects, ‘nasal step’, paracentral scotoma and arcuate
defects (figure 1.10: EGS, 2017). However, the pattern of field loss should correspond
to the individual’s optic disc appearance to be attributable to glaucoma.

A B C

i
Figure 1.10: Typical visual field abnormalities in glaucoma (adapted from: Yanoff and Duker, 2014).
In the assessment of glaucoma static perimetry is usually used to assess the visual field. During static
perimetry testing the position and size of the target are kept constant whilst the brightness is
increased until it can be detected by the individual. Several points in the field of vision are tested.
Darker areas represent areas of visual loss. Shown above is static perimetry of the left eye showing
typical visual field defects in glaucoma: A. nasal step; B. arcuate scotoma and C. tunnel vision as seen

in end-stage glaucoma.

Recently, OCT and its newer variants have been used to image the thickness of the

retinal nerve fibre layer (RNFL). RGC death in glaucoma causes the RNFL to become
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thinner. OCT RNFL has been shown to detect early glaucoma before visual field
changes (Larrosa et al. 2015, Mwanza et al., 2013, Wu et al., 2012 and Mwanza et al.,
2011). It is often used as an adjunct in the diagnosis and monitoring of glaucoma

(NICE, 2022).

1.2.4 Treatment
The therapeutic goal is to reduce I0OP so there is no further or limited progression of

glaucoma (EGS, 2017). IOP can be managed by laser, pharmacologically, surgically or

a combination of these.

Selective laser trabeculoplasty (SLT), Argon laser trabeculoplasty (ALT), and trans-
scleral diode laser cyclophotocoagulation (‘cyclodiode’) are IOP reducing lasers used
typically in the management of open-angle glaucomas. SLT is preferentially used
instead of ALT as it minimises damage to the ACA. The recent selective laser
trabeculoplasty versus eye drops for first-line treatment of ocular hypertension and
glaucoma (LiGHT) study found that SLT was more clinically and cost-effective as the
first line treatment for glaucoma (Gazzard et al,, 2019): the National Institute for
Health and Care Excellence (NICE) now recommend SLT as a first-line treatment for
open-angle glaucomas and ocular hypertension in the UK (NICE, 2017). SLT
selectively targets the pigmented cells in the trabecular meshwork, as these exhibit
greater absorbance than neighbouring cells thereby mitigating tissue damage
(McAlinden, 2014; Latina and Park, 1995). The mechanism by which SLT lowers IOP is
unknown (McAlinden, 2014 and Bruen, 2012). Several mechanisms of action have
been proposed, whereby SLT produces mechanical, cellular and biochemical changes
in the trabecular meshwork (McAlinden, 2014 and Van Buskirk et al., 1984). Initially
it was thought mechanical changes such as collagen shrinkage and scarring allowed
better outflow of aqueous humour (Bruen et al., 2012; Wise, 1981). Cellular changes
including trabecular meshwork cell necrosis (Van Buskirk et al., 1984) and increased
phagocytic activity of macrophages in clearing debris were proposed to increase
aqueous outflow (Bruen et al., 2012; Blysma et al., 1988 and Van Buskirk et al., 1984).
Biochemically there is a release of pro-inflammatory cytokines interleukin-8 (IL-8),

interleukin-1 alpha (IL-1a), interleukin-1 beta (IL-1B) and tumour necrosis factor
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alpha (TNF-a) which promote matrix metalloproteinase expression implicated in
improving aqueous outflow at the juxtacanalicular trabecular meshwork (Lee et al.,
2016; Bruen et al., 2012; Cellini et al., 2008 and Bradley et al., 2000). Aqueous
permeability is also induced by releasing tight junctions between Schlemm’s canal
and trabecular meshwork cells (Ansari, 2021 and Alvarado et al., 2010). Cyclodiode
laser partially destroys the ciliary body decreasing the production of aqueous humour
and subsequently lowering IOP. It is commonly used in refractory glaucoma,
traditionally reserved for end-stage management, however recent technique
modifications have reduced complications and it has been increasingly used in the

seeing-eye (Agrawal et al., 2011).

Peripheral iridotomy (PlI) and argon laser
peripheral iridoplasty (ALPl) are lasers used
typically in the management of angle-closure. Pl
uses laser to form an ‘iridotomy’ hole in the

peripheral iris (figure 1.11), this permits the flow

of aqueous from the posterior chamber to the
Figure 1.11: Laser peripheral iridotomy

anterior chamber. ALPI uses laser to burn and )
(Wajda et al., 2016).
shrink the peripheral iris with subsequent changes | ., iridotomy is highlighted by the white

widening the ACA. arrow.

Pharmacological management is used to manage acute IOP rises, OHT and all types
of glaucoma. Most commonly it is in the form of topical eye-drops that are self-
administrated daily. Initial treatment is usually with a prostaglandin analogue, which
is administered once daily and reduces IOP by increasing aqueous outflow in the eye
via the uveoscleral outflow pathway. Other classes include carbonic anhydrase
inhibitors, beta-blockers and alphaz-agonists which reduce IOP by decreasing
aqueous production. Alphaz-agonists also increase aqueous outflow through the
uveoscleral pathway (Toris et al., 1995). Miotics contract the ciliary muscle, open the
trabecular meshwork and dilate Schlemm’s canal, these changes increase aqueous

outflow via the trabecular route (Kaufman, 2020; EGS, 2017 and Litjen-Drecoll,
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1973). If necessary, topical therapy can be switched or increased until the patient is
on maximal therapy using one pharmacological agent from each class of anti-
glaucomatous medication. Recent advances include Rho Kinase (ROCK) inhibitors
have passed clinical trials in the UK and work by increasing aqueous outflow (Tanna
and Johnson., 2018). More recently studies have investigated the role of
neuroprotective agents in glaucoma: Citicoline has been shown to enhance retinal
function, neural conduction along the visual pathway and increase RNFL thickness
(Parisi et al., 2019, Chitu et al., 2019 and Parisi et al., 2015); similarly 17B-estradiol
has shown retinal neuroprotective effects but has significant systemic side-effects
(Prokai-Tatrai et al., 2013). Patient compliance with topical therapy is limited by
multiple daily dosing, drug and preservative side-effects, no noticeable amelioration
of symptoms (Reardon et al., 2011), lack of glaucoma education provided, practical
barriers (e.g. location, prescription charges), ‘forgetfulness’ and correct instillation

(Lacey et al., 2009 and Hosoda et al., 1995).

For advanced glaucoma or progressive glaucoma refractory to medical management,
there are surgical procedures designed to reduce the IOP of the glaucomatous eye.
Trabeculectomy is the gold-standard amongst glaucoma surgery (Coleman, 2005).
Trabeculectomy can achieve an IOP below 10mmHg which may be necessary for
aggressive glaucoma or NTG. Trabeculectomy is a penetrating eye surgery involving
the removal of a full-thickness block of trabecular meshwork beneath a partial
thickness scleral flap to allow aqueous to filter out of the eye. Trabeculectomy was
initially devised by John Cairns in 1968 (Cairns, 1970; 1969; 1968) who described it as
a bypass procedure of making a deep scleral flap with excision of trabecular tissue,
allowing an alternative resistance-free pathway for aqueous outflow. The technique
was later modified by Peter Watson in 1970 (Watson, 1975) to one similar to that
used today. The Collaborative Initial Glaucoma Treatment Study (CIGTS) compared
pharmacology versus trabeculectomy as an initial treatment. CIGTS subgroup
analysis showed that Caucasian patients with moderate-to-advanced glaucoma at
time of diagnosis had better results with initial trabeculectomy management (Musch

etal., 2011, 2009 and 2008).
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Tube shunts are implantable silicone tubes that drain agueous humour from the
anterior chamber into the subconjunctival space. The most used tubes are the Ahmed
glaucoma valve and the Baerveldt glaucoma implant (BGI) (Tseng et al., 2017).
Primary Tube versus Trabeculectomy (pTVT) study compared BGlI to trabeculectomy
in patients with no previous incisional surgery, it revealed greater IOP reduction,
lower risk of failure and lower usage of medical therapy for patients with
trabeculectomy (Gedde et al., 2020). Trabeculectomy and tube shunt surgery have
potential risks of major complications (Khaw et al., 2017) and a three-month period
of intense postoperative care (Bar-David and Blumenthal.,, 2018), so surgical

management may not be suitable for some patients.

More recently, there has been the advancement of minimally invasive glaucoma
surgery (MIGS). MIGS describes a range of surgical implants (table 1.3) that aim to
lower IOP with a less invasive approach than the previously described techniques.
They are useful when modest reductions in IOP are required and can be performed
as an opportunistic adjunct to cataract surgery (Gazzard, 2016). MIGS procedures
share the following characteristics: (i) minimally traumatic (ii) most preserve the
conjunctiva (useful if trabeculectomy is required) (iii) high safety profile and (iv) rapid

recovery (Gazzard, 2016).
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Technique or device Mechanism of IOP reduction Conjunctiva Published

sparing RCT
studies

Trabectome Excision or electrocautery of the trabecular Yes No*%?
meshwork. Aqueous drains into Schlemm’s

canal.
iStent and iStent Inject Trabecular bypass shunt which creates a Yes Yes> 456
permanent opening for aqueous to drain into 788

Schlemm's canal. iStent inject is a second-
generation device designed for implantation of
two iStents in a single surgical procedure.

Hydrus Trabecular bypass shunt which creates a Yes Yes> 210
permanent opening for aqueous to drain into M
Schlemm's canal.

Ab Interno Canaloplasty  Dilatation of trabecular meshwork. Aqueous Yes No
with iTrack drains into Schlemm'’s canal.

EndocyclophotocoagulationTargeted ablation of the ciliary processes with Yes No
(ECP) diode laser equipped with endoscope. The

production of aqueous is decreased.

Microshunt Shunt which drains aqueous from the anterior No Yes!3
chamber into the subtenons or subconjunctival
space.

Xen Shunt which drains aqueous from the anterior No No
chamber into the subtenons or subconjunctival

space.
Ex-PRESS Shunt which drains aqueous from the anterior No Yest4 1>
chamber into the subconjunctival space. 16,17,18,13

&20

1. Ting et al., 2018; 2. Chow et al., 2017; 3. Kozera et al., 2021; 4. Saheb et al., 2021; 5.
Ahmed et al., 2020; 6. Fea et al., 2015; 7. Samuelson et al., 2011; 8. Fea, 2010; 9. Laspas et
al., 2019; 10. Ahmed et al., 2021; 11. Pfeiffer et al., 2015; 12. Samuelson et al., 2018; 13.

Baker et al., 2021; 14. Aihara et al., 2019; 15. Arimura et al., 2018; 16. Gonzalez-Rodriguez et
al., 2016; 17. Wagschal et al., 2015; 18. Netland et al., 2014; 19. Dahan et al., 2012 and 20.
de Jong LA, 2009.

Table 1.3: MIGS techniques and devices (Updated and adapted from Gazzard., 2016)

*Randomised control trial (RCT) performed but ended early due to difficulty recruiting a sufficient

sample size.

Cataract surgery involves ultrasound breakdown of the opaque cataractous lens,
aspiration of the fragments and insertion of a new synthetic lens into the lens
capsule. It is the most performed surgery in the UK, has a good-safety profile and low
rate of risks. In glaucoma it has the additional benefit of reducing IOP: a large
systematic review and meta-analysis by Masis et al., in 2017 demonstrated a

decrease in IOP by 2.7mmHg in POAG individuals and 6.4mmHg in PAC individuals.
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Furthermore, the effectiveness of early lens extraction for the treatment of primary
angle-closure glaucoma (EAGLE) study recommends cataract surgery as the primary
intervention for patients with angle-closure and IOP greater than 30mmHg or PACG

(Azuara-Blanco et al., 2011).

There is currently no well-established evidence to support complementary
alternative medicines (CAM) in the management of glaucoma. Ginkgo biloba is a
herbal supplement that appears to improve ocular perfusion and visual field in
patients with glaucoma (Kang and Lin., 2018; Quaranta et al., 2014). Ginkgo biloba
may be used to supplement conventional management in suitable patients. There is
some evidence that the elevation of the head of the bed by thirty degrees lowers IOP
(Park et al., 2016 and Yeon et al., 2014). Marijuana is known to lower IOP, however
its use as a potential therapeutic agent is limited by low response rate, short half-life
and side-effects (Bhartiya and Ichhpujani, 2014). Other herbal pharmaceuticals, such
as Forskolin 1% (Coleus forskohlii; Majeed et al., 2015) and Garcinia 0.5% (Garcinia

kola; Adefule-Ositelu et al., 2010) have been shown in small studies to reduce IOP

1.2.5 Pathophysiology
There are many proposed contributors to the pathophysiology of glaucoma including

biomechanical mechanisms, ischaemia, excitotoxicity and inflammation. Recent
studies implicate purinergic signalling in neurodegenerative glaucomatous damage
(Reichenbach and Bringmann, 2016; Sanderson et al., 2014; Vhora et al., 2013;

1.2.5.1 Pathophysiology of glaucoma and purinergic signalling).

The lamina cribosa (LC) is a sieve-like collagenous structure at the posterior pole of
the sclera through which unmyelinated RGC axons pass through as part of their
journey from the eye to the brain (Snell and Lemp., 2013). Quigley in the 1980s
identified the lamina cribosa (LC) as the main site of RGC axon death in glaucoma
(Quigley et al., 1981; Quigley and Addicks, 1980a and 1980b; Quigley and Anderson,
1976) based on optic nerve studies in humans, primates and several other mammals.
Early research describes accumulations of organelles in RGC axons only where they

traverse the LC, suggesting axoplasmic flow is constricted at the LC (Quigley, 1981;
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Quigley and Addicks, 1980a; Quigley and Anderson, 1976; Minckler et al., 1977;
Vrabec, 1976). In addition, these experiments describe a change in LC morphology
in glaucomatous eyes: (i) large pore size (Quigley et al., 1981); (ii) localised defects
with narrow bundles of connective tissue inferiorly and superiorly (Quigley et al.,
1981) and (iii) posterior displacement (Quigley, 1980). Reduced connective tissue
support inferiorly and superiorly would lead to a greater vulnerability to axonal
damage in these regions. Perhaps explaining the early loss of neuronal tissue
inferiorly and superiorly in the ONH of glaucomatous eyes (Quigley and Addicks,
1981). Modern day OCT studies imaging the LC of glaucomatous eyes in vivo have
demonstrated reduced LC thickness, localised defects and posterior displacement

(Andrade et al., 2022).

Biomechanical pathophysiology suggests that the pressure gradient across the LC
results in RGC axon death in glaucoma. The term translaminar pressure difference
(TLPD) is used to describe the pressure difference between the eye and the
cerebrospinal fluid (CSF). The translaminar pressure gradient (TLPG) includes
adjustment for the thickness of the LC (Tan et al., 2018): this is important as the
pressure difference is used to explain why low-pressure eyes may develop glaucoma
(NTG) and some high-pressure eyes may not (OHT). Large retrospective studies have
shown a significant increase in TLPD in POAG and NTG eyes (Berdahl et al., 2008a and
Berdahl et al., 2008b). Unilateral glaucoma is possibly explained by differences in

local CSF pressure for each eye (Killer, 2020).

Ischaemic pathophysiology suggests that ischaemic insult, such as IOP-mediated
compression of blood-vessels or vasospasm mediate RGC death in glaucoma. The
association between vasospastic conditions, hypotension and haemodynamic
collapse with glaucoma have been discussed earlier (section 1.2.2 Risk factors).
Endothelin-1-mediated vasoconstriction is implicated in these vasospastic
conditions, and increased levels of this have been detected in the agueous and blood
of glaucoma patients (Cellini et al., 1997 and Noske et al., 1997). Other links between
vascular insufficiency and glaucoma include magnetic resonance imaging (MRI)

studies associating glaucoma with pan cerebral ischaemia and infarcts (Stroman et
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al., 1995 and Ong et al., 1995). The mechanism by which ischaemia results in RGC
apoptosis is not fully defined but is linked to secondary damage by inflammatory
factors such as tumor necrosis factor alpha (TNFa) and nitric oxide synthase 2 (NOS-

2) (Agarwal., 2009).

Glutamate excitotoxicity suggests neurotoxic insult causes RGC death in glaucoma.
Glutamate is an amino-acid and a neurotransmitter that acts on several ionotropic
and metabotropic receptors in the CNS. It is well-known that prolonged high
concentration of glutamate is excitotoxic; this is primarily mediated by ionotropic N-
methyl D-aspartate (NMDA) subtype receptors (Choi, 1987). NMDA receptor
activation causes an influx of Ca* and Na* into the neurone and the Ca?* acts as a
secondary messenger in signalling cascade leading to cell death (Choi, 1987). Retinal
glial cells, particularly Miiller cells express glutamate transporters which transports
glutamate into the cell; intracellular glutamate is converted to glutamine by
glutamine synthetase and glutamine to glutamate by glutamine synthetase. Both
high levels of glutamate and impaired glutamate-glutamine cycling have been
associated with glaucoma by many groups (Sullivan et al., 2006; Mawrin et al., 2003;

Kim et al., 2000; Nakar et al., 2000).

Inflammatory pathophysiology suggests that inflammatory molecules such as
interleukins, reactive oxygen species (ROS), NO and tumour necrosis factors mediate
RGC death in glaucoma. Aspects of this are discussed further in section 1.5.2

Interleukins and glaucoma.

1.2.5.1 Pathophysiology of glaucoma and purinergic signalling
Purinergic signalling describes the action of purine derivatives, particularly ATP and

adenosine, acting as neurotransmitters on purinergic receptors (P1a1-3, P2X1-7 and
P2Y1.1a; figure 1.14: classification of purinergic receptors). Purinergic signalling is
described further in the next section of this thesis 1.3 purinergic signalling. ATP
binding at P2-receptors and adenosine binding at P1-receptors exert predominantly
opposing effects on retinal cells (Ye et al., 2021). ATP is released from all types of

retinal neurones: horizontal cells; bipolar cells; amacrine cells and retinal ganglion
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cells (1.1.3 Retina; Ward et al., 2010). Raised IOP is associated with high
concentrations of ATP in the eye, as found in human (Li et al., 2011; Zhang et al.,
2007) and rodent (Lu et al., 2017 and 2015) models. High concentrations of ATP
activate P2-receptors causing an influx of calcium in neighboring retinal cells: P2X-
receptors cause calcium influx through the ion-channel receptor itself or through
voltage gated calcium channels (Wurm et al., 2011) and P2Y-receptors cause calcium
release from internal stores (Reddish et al., 2017, 1.4.2 Purinergic calcium responses
in the Miiller cell). Of the purinergic receptors, particular research focus has been on
the P2X7R which forms a large plasma membrane pore that mediates cytolysis and
cell-death (Schmid and Evans, 2019 and Supernatant et al.,, 1996; 1.3.3.7 P2X7
receptor). Several studies show high levels of ATP activate the P2X7R causing RGC
death in glaucomatous models (Niyadurupola et al., 2013; Hu et al., 2010; Reigada et
al., 2008; Resta et al., 2007; Zhang et al., 2007 and 2005). Benzoyl-benzoyl adenosine
5’-triphosphate (BzATP; P2X7R agonist) causes a dose dependent death of RGCs,
brilliant blue G (BBG) and oxidised ATP (P2X7R antagonists) prevent this RGC death
(zhang et al., 2005). Other purinergic receptors are thought to be involved in the
pathogenesis of glaucoma. Activation of P1a2aR causes release of pro-inflammatory
cytokines associated with RGC death, similarly antagonism of this receptor reduces
RGC death in glaucomatous models (Aires et al., 2019; Liu et al., 2016; Madeira et al.,

2016 and 2015).

Purinergic receptors also play neuroprotective roles in the pathogenesis of glaucoma
(Ye et al., 2021). Activation of the P2YgR is thought to lower IOP and P2Y6R knockout
mice develop a high-tension glaucomatous optic neuropathy (Shinozaki et al., 2017).
Topical agonists of P2Y, and P2Ye receptors decrease IOP in rabbit models (Jacobson
and Civan, 2016; Ginsburg-Shmuel et al., 2012 and Markovskaya et al., 2008).
Adenosine activating P1-receptors generally confers neuroprotection of RGCs,
although the contradictory role of P1a2.R is described above. Activation of P1aiR
increases aqueous humor outflow and lowers IOP (Lu et al., 2017; Ahmad et al.,
2013). Activation of P1a3R inhibits P2X7R-induced RGC death (Boia et al., 2020;
Jacobson and Civan, 2016 and Galvao et al., 2015).
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1.3 Purinergic Signalling

1.3.1 Overview
Purinergic signalling describes the action of nucleotides and nucleosides as

extracellular signalling molecules on purinergic receptors. Purinergic signalling was
controversially proposed by Burnstock in 1970, who described the action of ATP as
an extracellular signalling molecule. Endogenous nucleotides ATP and uridine 5’-
triphosphate (UTP) (figure 1.12) were already known to act as energy carriers,
building blocks for nucleic acids and coenzymes (Giuliani et al., 2019). However, it
was realised that their molecular structures are also adept for extracellular signalling:
small; stable at physiological pH; present in low concentrations extracellularly during
‘resting conditions’; stored intracellularly at high concentrations; water soluble and
easily catalysed (Giuliani et al., 2019). Purinergic signalling is now established in
literature as a ubiquitous part of human physiology and pathology, with critical roles
in long-term trophic signalling such as embryogenesis, differentiation and
regeneration as well as short-term signalling such as neurotransmission and
neuromodulation (Abbracchio & Burnstock, 1998; Burnstock & Verkhratsky, 2010).
Endogenous nucleotides and nucleosides stimulate a large family of purine receptors

found on nearly all human cells (Ledderose et al., 2016; Burnstock 2012).
Nucleoside

L0
'—T——O—r-—o—llr’—o_ 0 e (/ Il\ Purines
o} o o} /J

H H =ribose Adenine (A)
H=deoxyribose

“Nucleoside monophosphate

“Nucleoside diphosphate /}\
—Nucleoside triphosphate P

Pyrimidines

Uracil (U)
Nucleotides
Figure 1.12: Molecular structure of nucleotides (Giuliani et al., 2019)
The molecular structure consists of a purine or pyrimidine base (e.g. adenine or uracil) attached to a

pentose sugar (ribose) and three phosphate groups.
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1.3.2 Mechanisms of nucleotide release and breakdown
Purinergic signalling involves nucleotide or nucleoside release, receptor activation,

nucleotide or nucleoside breakdown or reuptake.

Endogenous nucleotides and nucleosides include ATP and the products of its cleavage
adenosine diphosphate (ADP), adenosine monophosphate (AMP) and adenosine, as
well as UTP and the products of its cleavage uridine 5’-diphosphate (UDP) and UDP-
sugars. Nucleotides are released into the extracellular space by both non-lytic
‘specific’ mechanisms and cell-damage related ‘non-specific’ mechanisms. Specific
mechanisms of nucleotide release include: cytosolic vescicular exocytosis;
microvesicle release and release via channels and transporters (Taruno, 2018). Non-
specific nucleotide release is usually induced by cell death or stress, for example
during hypoxia, infection or inflammation (Lazarowski, 2012; Lazarowski et al., 2011
and Bodin and Burnstock 2001). Cell plasma membrane disruption causes release of
a high concentration of nucleotides due the intracellular/extracellular nucleotide

gradient, these high concentrations acts as ‘danger’ signals (Trautmann, 2009).

ATP is synthesised intracellularly from glucose in a series of metabolic processes:
glycolysis, tricarboxylic acid cycle (TCA) and oxidative phosphorylation (Bonora et al.,
2012). Glycolysis occurs in the cytoplasm of cells. Glycolysis uses 1 glucose molecule
and 2 ATP molecules to produce 4 ATP molecules, 2 nicotinamide adenine
dinucleotide and hydrogen (NADH) molecules and 2 pyruvate molecules (Chaudhry
et al., 2021). Glycolysis produces a low yield of ATP molecules compared to TCA and
oxidative phosphorylation; however it produces pyruvate and NADH for use in TCA
and oxidative phosphorylation respectively (Chaudhry et al., 2021). TCA occurs in the
mitochondria. Pyruvate is converted by pyruvate dehydrogenase complex to acetyl-
CoA and CO;. Acetyl-CoA enters the TCA cycle to produce 12 ATP molecules
(Alabduladhem et al., 2021). Oxidative phosphorylation also occurs in the
mitochondria. Oxidative phosphorylation involves a series of oxidation and reduction
reactions that involve the transfer electrons from NADH and 1,5-dihydro-fad (FADH2)
to oxygen across several molecules, a process called the electron transport chain

(ETC). The ETC produces over 30 ATP molecules (Deshpande and Mohiuddin, 2021).
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ATP reaches high millimolar concentrations within the cell, however it has low
stability in water and utilised for several cellular processes (Bonora et al., 2012). ATP
is co-stored in vesicles with neurotransmitters, suited to its role as an extracellular

signalling molecule (Bonora et al., 2012).

ATP is transported into intracellular vesicles by a vesicular nucleotide transporter
(VNUT) where it is then stored (Giuliani et al., 2019 and Moriyama et al., 2017).
Stimulation of the soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) causes exocytosis of intracellular vesicles releasing ATP into the
extracellular space (Giuliani et al., 2019 and Sudhof and Rothman, 2009). ATP is also
released directly from the cytosol by channels and transporters including connexin-
43,-37,-36 and -26 (Wang et al., 2013) pannexin-1, ATP binding cassette (ABC)
transporters, calcium homeostasis modulator (CALMH) channels and the P2X7R
(Giuliani et al., 2019; Taruno, 2018; figure 1.13). In resting conditions connexin and
pannexin channels are closed. Connexin channels are opened by increased
intracellular calcium concentration, cell membrane depolarisation, ROS and NO
(Wang et al., 2017 and Eltzschig et al., 2006). Pannexin channels are opened by
increased intracellular calcium, plasma membrane depolarisation (Locovei et al.,
2006), activation of P2X7R (Iglesias et al., 2008), redox potential changes (Retamal,
2014) and mechanical stress (Bao et al., 2004). ABC transporters usually facilitate the
movement of molecules across the plasma membrane by the hydrolysis of ATP,
however some molecules cause ATP release (Abraham et al., 1993). Some voltage-
gated CALHM channels allow passage of ATP (Taruno et al., 2013). The P2X7R can
form a macropore which also allows passage of ATP (Schmid and Evans, 2019 and

Supernatant et al., 1996; 1.3.3.7 P2X7R).
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Figure 1.13: Mechanisms of ATP release (Adapted from Giuliani et al., 2019)
Intracellularly ATP is synthesised in the mitochondria by oxidative phosphorylation (OXPHOS) and in
the cytoplasm by glycolysis. It can be released extracellularly by SNARE mediated vesicular exocytosis,

plasma membrane derived vesicles and membrane channels or transporters.

Adenosine can be released into the extracellular space via exocytosis of intracellular
vesicles (Parri, 2013) and passive efflux via equilibrative nucleoside transporters
(ENTs; Parri, 2013 and Uckermann et al., 2006). Adenosine can also be produced
extracellularly by ecto-nucleotidase enzymes (Newman, 2003; Ribelayga and Mangel,

2005). ENTs and ecto-nucleotidase enzymes are discussed further below.

UTP and UDP are stored intracellularly in vesicles via the VNUT (Anderson and
Parkinson, 1997). UTP and UDP are released by the specific and non-specific

mechanisms previously discussed for ATP.

Released nucleotides and nucleosides act in an autocrine and paracrine manner
allowing cells to respond to local and systemic cues for homeostatic functioning and

pathological response (Corriden and Insel, 2010 and Fitz 2007).

Receptor signalling is terminated by removal of the ligand from the extracellular
space by either enzymatic conversion or cellular reuptake. P1 receptor signalling is
terminated by the conversion of adenosine to inosine or AMP by adenosine

deaminase (ADA) and adenosine kinase (AK) respectively. In addition, adenosine can
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be removed by cellular reuptake through two families of nucleoside transporters,

ENTs and concentrative nucleoside transporters (CNTs; Giuliani et al., 2019).

P2 receptor signalling is terminated by the hydrolysation of nucleotides and
nucleosides by a family of ecto-nucleotidase enzymes (Giuliani et al., 2019; Kukulski
et al., 2011). Ecto-nucleoside triphosphate diphosphohydrolases (ENTPDases) are a
group of enzymes that hydrolyse nucleoside-triphosphates and nucleoside-
diphosphates into nucleoside-monophosphates: the enzymes are nucleotide specific,
for example the CD39 group converts ATP to AMP and ADP to adenosine (Robson et
al., 2006). Ecto-5’-nucleotidase (5'-NT or CD73) converts AMP to adenosine, and with
a lower  affinity  converts UMP to Uracil. Ecto-nucleotide
pyrophosphatase/phosphodiesterases (ENPPs) hydrolyse nucleoside-triphosphates,
nucleoside-diphosphates and other non-nucleotide groups. Alkaline phosphatases
(APs) hydrolyse nucleoside-triphosphates, nucleoside-diphosphates, nucleoside-

monophosphates and other non-nucleotide groups (Yegutkin et al., 2008).

Enzymatic hydrolysation of nucleotides not only prevents receptor desensitisation
but also allows the degradation products to stimulate other P1 and P2 purinergic

receptors resulting in ‘cross-talk’ (Burnstock et al., 2006).

1.3.3. Purinergic receptors
Purinergic receptors are divided into two subtypes according to ligand-binding. P1

receptors are activated by adenosine. P2 receptors are predominantly activated by
ATP and ADP, but also UTP and UDP (Burnstock, 1978). P2 receptors are further
subdivided according to receptor morphology into P2X and P2Y. P2X receptors
(P2XRs) are ligand gated ion channels (LGIC). Ligand-binding opens the non-selective
cation channel allowing rapid influx of Na*and Ca?*, efflux of K* through the plasma
membrane with subsequent membrane depolarisation. P2Y receptors (P2YR) are G-
protein coupled receptors (GPCR). P2YR activation is slower and involves a cascade
of secondary intracellular messengers that modulate intracellular Ca* (Burnstock
and Kennedy, 1985). More detail on P2Y GPCRs and intracellular Ca%* are provided

in table 1.4 below and 1.4.2 Purinergic calcium responses in the Miiller cell). During
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the 1990s cloning experiments allowed characterisation of purinergic receptors,
there are 19 known distinct receptors (figure 1.14). P1 receptors have 4 subtypes: A,
Az, Azg and Az (Fredholm et al., 2001 and Daly, 1985). P2XRs have 7 subtypes, P2X1-
7 (Burnstock, 2014; Abbracchio and Burnstock, 1994; Brake et al. 1994 and Valera et
al. 1994). P2YRs have 8 subtypes, P2Y 1,2,4,6, 11, 12, 13and 14 (Burnstock, 2014; Abbracchio
and Burnstock, 1994; Lustig et al., 1993 and Webb et al., 1993).
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P2Y Receptor Transduction mechanisms

P2Y: Gaq/Gall; PLC-B activation, Ca®*

P2Y: Gag/Gall; PLC-B activation, Ca** and possibly Gi/Go ({, cAMP)
P2Ys Gag/Gall; PLC-B activation, Ca2* and possibly Gi/Go ({,cAMP)
P2Ys Gag/Gall; PLC-B activation, Ca**

P2Y11 Gaqg/Gall and GS; PLC-B activation, Ca?*) and {,cAMP

P2Y12 Gai; (\ cAMP)

P2Y13 Gai/Goo; (J cAMP)

P2Y1a Gaq/Gall; PLC-B activation, Ca®*

Table 1.4: P2Y receptors G-protein transduction mechanisms (adapted from Burnstock, 2014)

Activation of GPCRs causes a cascade of secondary intracellular messengers that alter intracellular Ca?*
levels (Nash et al., 2001). GPCRs are associated with a group of G-proteins consisting of three subunits
a, B and y. GPCRs are classified into 4 subfamilies according to their a-subunit: (i) Gai/o; (ii) Gas; (iii)
Ga12/13 and (iv) Gag (Kamato et al., 2015). Shown above are each P2YR and the G-protein a-subunit
associated, P2YRs mostly couple with Gagq family of proteins (Burnstock, 2014). Important secondary
messengers in G-protein signal transduction include phospholipase C (PLC) and cyclic adenosine
monophosphate (cAMP). PLC hydrolyses the plasma membrane phospholipid phosphatidylinositol
4,5-bisphosphate (PIP2) into the secondary messenger Inositol 1,4,5-triphosphate (IPs) and the by-
product diacylglycerol (DAG). IP3 binds to its receptor IPsR causing Ca?* release from intracellular
stores. CAMP activates protein kinase A (PKA) that in turn phosphorylates intracellular proteins that
regulate excitation-contraction coupling through L-type Ca?*channel (LCC), ryanodine receptor (RyR),
and myosin binding protein C causing Ca?* release from intracellular stores (Bagur and Hajnoczky,
2017; 1.4.1 Overview of calcium homeostasis and signalling). Gai/o inhibits cyclic adenosine
monophosphate (cAMP) production and voltage-gated Ca?* channels (VGCCs) inhibiting intracellular
Ca?* release (Dhyani et al., 2020). Gas activates adenylyl cyclase (AC) increasing production of cAMP
increasing intracellular Ca%* (Dhyani et al., 2020). Gaq activates PLC increasing intracellular Ca?*

(Dhyani et al., 2020).

Structurally, G protein-coupled P1 and P2Y receptors have seven transmembrane
domains, connected by three extracellular and three intracellular loops. They
associate intracellularly with G proteins (table 1.4). LGIC P2X receptors have an
extracellular ligand binding loop, two hydrophobic transmembrane domains,
intracellular amino-acid (N)-terminals and carboxyl (C)-terminals (Burnstock, 2014
and North, 1996). The subunits form a trimeric cation channel. Three agonist
molecules are required to bind and activate a single receptor (Burnstock and

Kennedy, 2011; Bean 1990).

57



P2Y-receptor subtypes exist as homodimeric and/or heterodimeric receptors
(Milligan, 2009; Albizu et al., 2010), whilst P2X subtypes exist as homotrimeric and/or
heterotrimeric receptors (Surprenant and North 2009). Most P2 subtypes have
functionally distinct isoforms produced by alternative splicing (Rangel-Yescas et al.,

2012 and Okhubo et al., 2000).
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Figure 1.14: Classification of purinergic receptors

P1 (blue) and P2Y receptors (dark green) are G-protein coupled whilst P2X receptors (light green) are ligand gated. Purinergic receptors are stimulated by a variety of

nucleotides additional to ATP/ADP including UTP/UDP.
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1.3.3.1 P2X1 receptor (P2X1R)
The P2X1R was the first cloned P2XR, isolated from the vas deferens (Valera et al.,
1994). Since then it has been identified in smooth muscle, platelets, cerebellum,
spinal neurons, immune and glial cells (Burnstock, 2014; Lecut et al., 2009 and Lalo
et al., 2008). P2X1R has roles in blood clotting and autoregulation of the kidney
(Ralevic and Dunn, 2015).

Pharmacokinetically, P2XRs continually stimulated by ATP display differences in the
decline of their excitation current. P2X1R and P2X3R rapidly desensitise. P2X1R
desensitises within 1 second and gradually recovers over 5 minutes (Lalo et al., 2010

and North 2002).

P2X1 subunits form a functional P2X1/2, P2X1/4 and P2X1/5 heteromers. Heteromers
have their own unique characteristics, for example P2X1/5 has a greater sensitivity
to ATP and a biphasic desensitisation phase (Lalo et al., 2008; Haines et al., 1999; Lé
et al., 1999 and Torres et al., 1998). Distinct isoforms of the P2X1R have been
identified: P2X1a, P2X1del and P2X1b (Rangel-Yescas et al., 2012; Greco et al., 2001
and Ohkubo et al., 2000). Some isoforms are heteromers with P2X1R and display no
functionally different properties to the homomeric P2X1R. However, some isomers
are functional as homomers and display different properties to the homomeric P2X1R

(Rangel-Yescas et al., 2012).

1.3.3.2 P2X2 receptor (P2X2R)
P2X2Rs are expressed in nervous tissue such as the CNS, retina and autonomic

sensory ganglia. P2X2Rs are also expressed in smooth muscle (Burnstock, 2014).
Receptor functions are thought to include mediating neurotransmission and sensory

transduction (Syed and Kennedy, 2011, Burnstock and Knight, 2004).

P2X2Rs and P2X5Rs minimally desensitise when stimulated by ATP (Schmid and
Evans, 2019). They form functional P2X1/2, P2X2/3 and P2X2/6 heteromers (Saul et
al.,2013). It is well-established that the P2X2/3R heteromers is highly expressed in

the dorsal root ganglia (Jacobson and Miiller, 2016).
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1.3.3.3 P2X3 receptor (P2X3R)
P2X3Rs are also highly expressed in nervous tissue such as the sympathetic nervous

system and the nucleus tractus solitarii (Burnstock, 2014). P2X3Rs are expressed in
the sensory neurons of the bladder and detect fullness (Kennedy et al., 2007 and Ford
et al., 2006). P2X3R and P2X2/3R are expressed on nocioreceptive fibres, it is likely

they play a role in chronic inflammation and neuropathic pain (Kennedy et al., 2003).

1.3.3.4 P2X4 receptor (P2X4R)
P2X4Rs are expressed in the CNS, testes and colon (Burnstock, 2014). The P2X4R was

the first P2XR to be structurally determined by Kawate et al in 2009 using x-ray

crystallography (figure 1.15).

A. B.

Head

Fluke

Figure 1.15: A. Stereoview of the zebra fish P2X4R in a closed state (Kawate et al., 2009) B.
‘Dolphin’ structure of a single P2XR subunit (Schmid and Evans, 2019)

The P2X4R shown is homotrimeric. Each subunit is shown in a different colour, the plasma membrane
is shown in grey (A). From this it was determined that each subunit of a P2XR is ‘dolphin-like’ in
structure (B). Since this first P2XR was structurally determined, several other P2XRs from different
species in different states of opening have been determined: the transmembrane helices (shown as
the ‘fluke’) are the conformationally variant as they open and close the channel. The beta sheets
(shown as ‘lower and upper body’) are rigid. The extracellular regions (shown as ‘head’, ‘dorsal fin’
and ‘right flipper’) are also conformationally variant due to changes occurring in states of agonist

binding (Schmid and Evans, 2019; Hattori and Gouaux, 2012).
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The P2X4R displays high calcium permeability (Egan and Khakh, 2004). When
stimulated with ATP it displays an intermediate desensitisation profile in comparison
to the other P2XRs. Functional heterotrimers include P2X1/4, P2X4/6 and P2X4/7
(Guo et al., 2007).

P2X4R has roles in cardiac contractility (Hu et al., 2002; Yang et al., 2014), regulating
surfactant secretion in the lungs (Miklavc et al., 2011) and inflammation (Layhadi et
al., 2018; Layhadi & Fountain, 2019; Ulmann et al., 2008; Wareham et al., 2009).
Recently, Taspine a natural anti-inflammatory was found to exert its effects via P2X4R

in macrophages (Nadzirin et al., 2021).

As mentioned previously, P2X4Rs are highly expressed in the CNS, found in the
neurons and glial cells of the brain and spinal cord (llles et al., 2021). Studies have
established an association with P2X4R and neuropathic pain. CNS injury including
brain ischaemia, spinal cord injury and trauma increase P2X4R expression in
microglial cells. Ulmann et al., found peripheral nerve injury resulted in de novo
expression of P2X4Rs in activated microglia in the dorsal horn of the spinal cord (Deng
et al., 2018 and Ulmann et al., 2008). P2X4R upregulation in spinal microglia is likely
mediated by C-C motif chemokine ligand 21 (CCL21; Biber et al., 2011). Consistent
with the association between P2X4R and neuropathic pain, deficient mice lacked
mechanical hyperalgesia induced by peripheral nerve injury (Ulmann et al., 2008).
The P2X4R is a promising therapeutic target for the management of neuropathic pain,
with compounds previously entering animal and clinical trials as part of drug
development (Teixeira et al., 2019). Drugs targeting the P2X4R are unlikely to
interfere with normal pain sensitivity as the receptor is clustered in activated
microglia in the spinal cord where damaged sensory fibres project (Inoue and Tsuda,

2012).
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1.3.3.5 P2X5 receptor (P2X5R)
P2X5Rs are widely expressed in the skin, CNS, eye, myocardium, gut, bladder and
thymus (Burnstock, 2014). It is highly expressed in differentiating tissue. A non-
functional splice variant of the P2X5R is expressed in some human populations

(Kotnis et al., 2010).

1.3.3.6 P2X6 receptor (P2X6R)
P2X6Rs are expressed in neuronal tissue (Burnstock, 2014). It is the only P2XR that
does not appear to form a functional homomeric receptor, only assembling in a

heteromeric form (Burnstock, 2014; Syed and Kennedy 2011).

1.3.3.7 P2X7 receptor (P2X7R)
P2X7Rs exists on multiple cell types but are highly expressed on in glial cells and

immunocompetent cells (Burnstock, 2014). It plays an important role in immune

responses.

The P2X7R amino-acid sequence is the least closely related to the other P2XRs (North,
2002). It is the most structurally heterogeneous of all purinergic receptors: there is
significant interspecies and intraspecies polymorphism as well as multiple splice
variants (Xu et al., 2012). This results in variation in receptor mediated responses
and complicates understanding of its physiological role. Homomeric assembly is the

most common arrangement of P2X7 subunits (Nicke, 2008; figure 1.16).
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Figure 1.16: The P2X7 receptor (adapted from Sperlagh and llles., 2014)

The P2X7R is activated at higher ATP concentrations (ECso=100umol/L) than other
P2XRs: these agonist concentrations usually occur as part of the inflammatory
response (Le Feuvre et al., 2002) and/or at sites of cellular damage therefore P2X7R
is often thought of as a ‘danger sensor’ (Vénéreau et al., 2015 and Ferrari et al., 2006).
The receptor is thought to be a major trigger of apoptosis for damaged CNS cells
although other processes are likely to be involved (Franke and llles, 2006 and Volonté

etal., 2003).

Early fluorescent dye experiments suggested that prolonged stimulation of the P2X7R
with ATP causes the ion channel to dilate into a pore (Browne et al., 2013). Pores
allow the passage of large (~900 Da) molecules through the plasma membrane
causing cytolytic death. Initially, it was shown that immune cells stimulated with ATP
formed large pores in their plasma membrane (Schmid and Evans, 2019 and
Supernatant et al., 1996). Activation of P2X2R, P2X4R and P2X7R was shown to cause
permeation of large fluorescent YO-PRO and ethidium bromide dyes (Schmid and
Evans, 2019; Browne et al., 2013). YO-PRO and ethidium bromide are not able to
traverse the in-tact plasma membrane. Subsequent experiments demonstrated

prolonged stimulation of P2X7R with ATP progressively increased permeability to the
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synthetic large cation N-methyl-d-glucamine (NMDG), suggesting sustained
stimulation caused the P2X7R channel to dilate further into a ‘pore’ (Khakh et al.,

1999 and Virginio et al., 1999).

P2X7Rs on some cell types were shown to be ‘non-pore forming’ (table 1.5). Some
single P2X7R channel conductance studies have shown no change in channel
conductance over the time course that pore dilatation was proposed to occur (Riedel
et al., 2007). It may be that on some cell types P2X7R is pore-forming whilst on others
it is not; this has been attributed to heterogeneity in the C-terminal domain of the
P2X7R (Petrou et al., 1997 and Rassendren et al., 1997) or differences in intracellular
components required to form pores (Donnelly-Roberts and Jarvis 2007; North, 2002;

Pelegrin and Surprenant, 2006).

Cell type Cytolytic pore formation
(Yes/No)
Astrocyte ! Y
Lymphocytes 2 N
Thymocyte 3 N
Macrophages * Y
Macrophage ° Y
Microglial cells © Y
Miiller ? N*

Table 1.5: P2X7 receptor cytolytic pore formation capability by cell type *data equivocal

P2X7R activation initiates intracellular changes, such as: (i) cytoskeletal and
mitochondrial alterations (ii) phosphatidylserine translocation (iii) mitochondrial
swelling and (iv) membrane blebbing (Liu et al., 2008; Roger et al., 2008). Activation
also has a role in cytokine release: in inflammatory cells, the NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3) inflammasome triggers caspase-1 mediated
interleukin-1B (IL-1B) and interleukin-18 (IL-18) maturation and release (Dubyak,
2007; Gudipaty et al., 2003; Sanz and DiVirgilio, 2000). Unpublished data from the
Sanderson group has shown P2X7R stimulation in human retinal tissue increases

expression and release of both IL-1B and interleukin-10 (IL-10).
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1.3.3.8 P2Y; receptor (P2Y1R)
P2Y1.11Rs couple via Gg-proteins (table 1.4) to exert their downstream effects.

Agonist binding at P2YiR causes homodimerisation and receptor internalisation
(Ktigelgen, 2019 and Choi et al., 2008). It can form the functional heterodimer P2Y1/a1

which displays its own unique characteristics.

The P2Y1Rs are expressed in CNS neurons and glial cells; it has important roles in
mediating neuron-glial calcium signalling (Jacobson et al., 2020 and Shigetomi et al.,
2018). Together with P2Y13R and P2X7R it has roles in neuronal cell differentiation,
neuroprotection and neurodegeneration (Jacobson et al., 2020 and Miras Portugal et
al., 2019). P2YiR together with P2Y;R, P2Y1;R and P2Y13R are expressed on
nocioreceptive fibres and exert nocioreceptive and analgesic effects (Jacobson et al.,
2020 and Malin and Molliver, 2010). The P2Y;R assists P2Y12R with platelet
aggregation (Kigelgen, 2019; Liverani et al., 2014 and Cattaneo, 2011). The P2YiR
also has roles in vasodilation and bone resorption (Jacobson et al., 2020; Burnstock,

2014).

1.3.3.9 P2Y; receptor (P2Y2R)
P2Y,Rs are expressed in immune cells, epithelial cells, endothelial cells, kidney

tubules and osteoblasts (Burnstock, 2014). It has roles in ion transport (Cressman et
al., 1999), weight modulation (Merz et al., 2018), cardiac remodeling (Rieg et al.,
2011; Cohenetal., 2011), immunomodulation (Relvas et al., 2015; Ayata et al., 2012;
Kim et al., 2012 and Miiller et al., 2010) and neuroinflammation (de Diego Garcia et

al., 2018).

1.3.3.10 P2Y4 receptor (P2Y4R)
P2Y4Rs are expressed in endothelial cells, CNS, intestine, placenta, spleen and thymus

(Burnstock 2014; Song et al., 2011; Abbracchio et al., 2006 and von Kiigelgen and
Wetter, 2000). Similar to P2Y2Rs they: (i) facilitate the secretion of chloride and water
by epithelial cells (Robaye et al., 2003) and (ii) play a beneficial role in recovery after

myocardial infarction by down-regulating endothelin-1 (Horckmans et al., 2015).

66



1.3.3.11 P2Yg receptor (P2YsR)
P2YsR are expressed widely in epithelial cells, placenta, thymus, T-cells, activated

microglia, vascular smooth-muscle, CNS, lung, intestine, bone and adipose tissue
(Burnstock, 2014; von Kiigelgen and Wetter, 2000; Abbracchio et al., 2006). P2Y¢R
has roles in vasoconstriction (Malmsj6 et al., 2003), bone metabolism (Orriss et al.,
2011) and inflammatory responses such as phagocytosis and apoptosis (von

Kigelgen, 2019; Quintas et al., 2014; Garcia et al., 2014 and Koizumi et al., 2007).

The P2Y6R has two functional splice variants producing a protein of 328 and 421

amino-acids each (Maier et al., 1997)

1.3.3.12 P2Y1; receptor (P2Y11R)
The P2Y11R also couples with Gq proteins, but unlike the above P2R activation also

causes an increase in adenylyl cyclase.

The P2Y11R is the only GPCR known to form an intergenic splice variant. P2Y11R and
the adjacent SSF1 gene splice forms a chimeric protein with no identifiable difference

in function (Communi et al., 2001).

P2Y11Rs are expressed in the spleen, intestine, brain and immune cells (Burnstock,
2014). The receptor has roles in immunomodulation (Chadet et al., 2015; Alkayed et
al., 2012 and Wilken et al., 2001) and neuropathic pain (Barragan-iglesias et al.,
2014).

1.3.3.13 P2Y1, receptor (P2Y12R)
The P2Y12Rs are less widely expressed, they are mainly in platelets, immune cells and

neuronal cells (Burnstock, 2014 and Abbrachio et al., 2006). It is now well-established
that P2Y1;R stimulation induces platelet aggregation and this receptor is now the
target for therapeutic agents (1.3.5 Therapeutic potentials of purinergic agents in
disease). P2Y1;2Rs also have roles in vasoconstriction (Wihlborg et al., 2004), renal
regulation of urine osmolality (Zhang et al., 2015), immunomodulation (Liverani et
al., 2014), bone metabolism (Jorgensen et al., 2012; Su et al., 2012 and Syberg et al.,
2012) and neuropathic pain (Beké et al., 2017; Horvath et al., 2014 and Tozaki-Saitoh
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et al., 2008). P2Y1;R and P2Y13R in microglia and P2YiR in astrocytes cross-
communicate to mediate neuroprotective changes in the brain after injury (Shinozaki

etal., 2017).

1.3.3.14 P2Y13 receptor (P2Y13R)
P2Y13Rs are expressed in the brain, lymph nodes, bone marrow, erythrocytes and

spleen (Burnstock, 2014). It has roles in neuroprotection (see above), mast cell
degranulation (Gao et al., 2010) and bone metabolism (Wang et al., 2014 and Orriss
etal., 2011).

1.3.3.15 P2Y14 receptor (P2Y14R)
P2Y14Rs are expressed in the brain, thymus, stomach, intestine, spleen, bone marrow

and placenta (Burnstock, 2014 and Abbrachio et al., 2006). Activation of the P2Y14R
initiates pro-inflammatory roles of immune cells (Sesma et al., 2012 and Gao et al.,
2013) and glial cells (Curet and Watters, 2018; Kinoshita et al., 2013). It also has roles

in vasoconstriction (Abbas et al., 2018) and glucose metabolism (Meister et al., 2014).
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P2 subtype
P2X1R

P2X2R

P2X3R

P2X4R

P2X5R

P2X6R

P2X7R

P2YiR

P2Y:R

P2Y.R

P2YsR

P2Y11R

P2Y1;,R

P2Y13R

Cells or tissues identified in
Smooth muscle; platelets;
cerebellum; spinal neurons;
immune and glial cells

CNS, retina and autonomic sensory P2X2R; P2X1/2R; P2X2/3R and

ganglia P2X2/6R

CNS P2X3R and P2X2/3R

CNS, testes and colon®

Skin, CNS, eye, myocardium, gut, Non-functioning splice variant

bladder and thymus®

Neuronal tissue ©

Multiple cell types but are highly Multiple splice variants

expressed on in glial cells and
immunocompetent cells ©

CNS neurons and glial cells P2Y1/aR
signalling 20&2%

Immune cells; epithelial cells;
endothelial cells; kidney tubules
and osteoblasts ©

Endothelial cells; CNS; intestine;

placenta; spleen and thymus & 3638

Epithelial cells; placenta; thymus; 2 splice variants

T-cells; activated microglia;
vascular smooth-muscle; CNS; lung;

intestine; bone and adipose tissue
6, 36-37

Spleen; intestine, brain and P2Y11R/SSF1

immune cells ¢

Platelets; immune cells and

neuronal cells 6%36

Brain; lymph nodes; bone marrow;
erythrocytes and spleen®

Isoforms and heterodimers
P2X1R; P2X1aR; P2X1delR; P2X1bR; Blood clotting and
P2X1/2R; P2X1/4R and P2X1/5R

P2X1/4R; P2X4/6R and P2X4/7R

Only exists as heterodimer

Roles

Autoregulation of the kidney. *

Mediating neurotransmission and
sensory transduction.?83

Chronic inflammation; chronic pain
and bladder fullness. 4

Neuropathic pain’; cardiac
contractility’®!?; regulates
surfactant secretion in the lung??;
inflammation?3-16

Immune responses including
cytokine release i.e. IL-1B and IL-18

17-19

Neuron-glial calcium signalling 202,
neuronal differentiation;
neuroprotection and
neurodegeneration 20&2%
nociception and analgesia &2,
platelet aggregation 2+%;

vasodilation and bone resorption.®
& 20

lon transport 27, weight modulation
28 cardiac remodeling 2°-3;
immunomodulation 3%-34;
neuroinflammation 3°

Recovery after myocardial
infarction 3°; chloride and water
secretion 4°

Vasoconstriction #%, bone
metabolism %2, inflammatory

responses 4346

Immunomodulation 47-4%;
neuropathic pain 4

Platelet aggregation;
vasoconstriction®!; regulation of
urine osmolality®?;
immunomodulation %3; bone
metabolism>*°¢; and neuropathic

pain57-59

Neuroprotection; mast cell
degranulation® and bone

metabolism*2 &61

Table 1.6: Summary of P2 receptor locations, roles, isoforms and heterodimers (page 1 of 2)
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P2Y1R Brain; thymus; stomach; intestine; pro-inflammatory roles of immune
spleen; bone marrow and placenta® 60862 and glial cells 3 %64,
A0 Vasoconstriction % and glucose

metabolism

1. Ralevic and Dunn, 2015; 2. Syed and Kennedy, 2011; 3. Burnstock and Knight, 2004; 4. Kennedy et al., 2007 2003; 5. Guo e
al., 2007; 6. Burnstock, 2014; 7. Williams et al., 2019; 8. Biber et al., 2011; 9. Tsuda et al., 2003; 10. Hu et al., 2002; 11. Yang]
et al., 2014; 12. Miklavc et al., 2011; 13. Layhadi et al., 2018; 14. Layhadi & Fountain, 2019; 15. Ulmann et al., 2008; 16.
\Wareham et al., 2009; 17.Dubyak, 2007; 18. Gudipaty et al., 2003; 19. Sanz and DiVirgilio, 2002; 20. Jacobson et al., 2020; 21.
Shigetomi et al., 2018; 22. Miras Portugal et al., 2019; 23. Malin and Molliver, 2010; 24. Klgelgen, 2019; 25. Liverani et al.,
2014 ; 26. Cattaneo, 2011; 27. Cressman et al., 1999; 28. Merz et al., 2018; 29. Rieg et al., 2011; 30. Cohen et al., 2011; 31.
Relvas et al., 2015; 32. Ayata et al., 2012; 33. Kim et al., 2012; 34. Miller et al., 2010; 35. de Diego Garcia et al., 2018; 36.

[Abbracchio et al., 2006; 37. von Kiigelgen and Wetter, 2000; 38. Song et al., 2011; 39. Horckmans et al., 2015; 40. Robaye e
al., 2003; 41. Malmsjo et al., 2003; 42. Orriss et al., 2011; 43. Kiigelgen, 2019; 44. Quintas et al., 2014; 45. Garcia et al., 2014;
46. Koizumi et al., 2007; 47. Chadet et al., 2015; 48. Alkayed et al., 2012; 49. Wilken et al., 2001; 50. Barragan-Iglesias et al.,
2014; 51. Wihlborg et al., 2004; 52. Zhang et al., 2015; 53. Liverani et al., 2014; 54. Jorgensen et al., 2012; 55. Su et al., 2012;
56. Syberg et al., 2012; 57. Beké et al., 2017; 58.Horvath et al., 2014; 59. Tozaki-Saitoh et al., 2008; 60. Gao et al., 2010; 61.
\Wang et al., 2014; 62. Sesma et al., 2012; 63. Curet and Watters, 2018; 64. Kinoshita et al., 2013; 65. Abbas et al., 2018; 66.
Meister et al., 2014

Table 1.6: Summary of P2 receptor locations, roles, isoforms and heterodimers (page 2 of 2)
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1.3.4 Purinergic signalling in the retina
Nearly all retinal cell types release ' ) A, P2Y,,

. . . . P2Y,, P2X7
nucleotides and express multiple purinergic
receptors (figure 1.17). Released nucleotides

act in an autocrine and paracrine manner

P2Y,,
allowing cells to respond to both local and :’g;g;
systemic cues.

P2Y,,
P2X4,
P2X7
Activation of purinergic receptor(s) is
) ) P2Y,,
determined by the type of nucleotide pzy:
released, nucleotide concentration and
receptor proximity to the release site(s). The Ay Ass Ay,
) ) o P2Y,, P2Y,,
pattern of purinergic receptor activation P2X2, P2X3
P2X4, P2X5,
decides the functional response(s) in the P2X7
retina (Sanderson et al., 2014). Purinergic ok
Zbr 73
. N o . P2Y,, P2Y,,
signalling in the retina is involved in: cell P2Y;. g
) o ] ) ) P2X3, P2X4,
differentiation and  migration during P2X5, P2X7

embryogenesis; cell proliferation; cell death; Figure 1.17: Expression of purinergic receptors in the

. . adult retina (Ventura et al., 2019)
homeostatic and pathological processes

P: retinal pigment epithelium cell; R: rod photoreceptor;

(Ventura et al., 2019; Corriden and Insel, ) )
C: cone photoreceptor; H: horizontal cell; B: bipolar cell;

2010 and Fitz 2007). M: Miiller cell; A: amacrine cell and G: ganglion cell.
ATP is released by cells via the mechanisms described in section 1.3.2 Mechanisms of
nucleotide release and breakdown. Retinal neuronal cell types (RGCs, amacrine,
bipolar, horizontal and photoreceptors) express VNUT (Moriyama and Hiasa, 2016)
supporting their traditional association with a vesicular release of ATP as a
neurotransmitter/neuromodulator (Santos et al., 1999). ATP is released through a
calcium-dependent vesicular exocytosis (Ho et al., 2015; Santos et al., 1999 and Perez
et al., 1986). Neuronal cell types are also capable of channel mediated ATP release:
RGCs and horizontal cells employ ATP release via pannexin channels (Xia et al., 2012;

Vroman et al., 2014 and Dvoriantchikova et al., 2006). By contrast, glial and retinal
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pigment epithelium (RPE) cells predominantly release ATP in a calcium independent
manner (Newman, 2001; Pearson et al., 2005; Uckermann et al., 2006 and Wurm et
al., 2010). Astrocytes, microglial and RPE cells mainly release ATP via hemichannels

(Beckel et al., 2014 and Pearson et al., 2005).

RGCs express multiple purinergic receptors (figure 1.17). The P2X7R is the main focus
of research on these cells. It is thought to contribute to the pathophysiology of
glaucoma via receptor-mediated neurodegeneration of the optic nerve (Kakurai et
al., 2013; Niyadurupola et al., 2013 and 2011; Hu et al., 2010; Zhang et al., 2005).
Amacrine cells are known to express P2Y1, P2Ys, P2X2-5 and P2X7 receptors (Ventura
et al., 2019). Amacrine cells postsynaptic to cones express P2X2R whilst cells
postsynaptic to rods express P2X3R and P2X7R; this varied receptor profile is thought
to contribute to the role of purinergic signalling in modulating visual output
(Puthussery and Fletcher 2004, 2006 and 2007). Bipolar cells express P2Y1R (Ward
and Fletcher, 2009) and P2Y4R over their dendrites and axon terminals (Ward et al.,
2008). Horizontal cells express P2YgR (Zhang et al., 2012), P2X4R (Kaneda et al., 2004
and Ho et al., 2014) and immunofluorescence experiments have demonstrated high

immunoreactivity for the P2X7R (Puthussery and Fletcher, 2004).

Rod and cone cells express P2Y1, P2Ye and P2X7 receptors (Marques Ventura et al.,
2019). Stimulation of the P2X7R with BzATP potentiates photoreceptor
hyperpolarisation. Additionally, generalised stimulation of P2 receptors with ATP is
associated with a rapid loss in photoreceptors (Vessey et al., 2012). Purinergic
signalling in these cells is therefore thought to be involved with regulation of

photoreceptor function and integrity (Puthussery and Fletcher, 2007 and 2004).

Microglia predominantly express P2Ys, P2Y12, P2Y13, P2X4 and P2X7 receptors (Calvoli
etal., 2019). Levels of P2X7R expression in microglia differ with phenotypic activation
states (figure 1.7). Activation is associated with increased cell proliferation and pro-
inflammatory changes such as formation of NLRP3 inflammasome, release of
chemokines and cytokines (Calvoli et al., 2019). P2X7 and P2X4 receptor stimulation

on these cells are associated with pore-formation (see section 1.3.3.7 P2X7 receptor;
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Bernier et al., 2012). P2X4R is also associated with pro-inflammatory changes (Gong
et al., 2009 and Fujita et al., 2008). The P2Y¢R has a role in microglial phagocytosis
(Xu et al., 2016). The P2Y1;R is associated with the ramified phenotype of microglial
cells and have a role in microglial migration (Lin et al., 2021). The P2Y13R is involved
with the release of the pro-inflammatory cytokines IL-1pB, interleukin-6 (IL-6), and

TNF-a (Calvoli et al., 2019).

Astrocytes express P1AxaR, P2Y1R, P2Y12R and P2X7R (Pietrowski et al., 2021). P1AaR
is involved in neurotransmitter recapture, decreasing the uptake of glutamate and
increasing the uptake of gamma-aminobutyric acid (GABA; Cristévao-Ferreira et al.,
2013). P2YiR mediates Ca?* waves in astrocytes, which is critical for synaptic plasticity
and its role in maintaining the blood-retinal-barrier (Bazargani and Attwell, 2016).
Astrocytes release ATP causing autocrine stimulation of the P2X7R causing in pro-

inflammatory downstream signalling (Albalawi et al., 2017)

RPE cells express multiple purinergic receptors: P1a1R, P1a2R (Collison et al., 2005),
P2Y1R, P2Y3R, P2Y6R (Tovell et al., 2008) and P2X7R (Sanderson et al., 2014; Guha et
al., 2013 and 2014; Liu et al., 2008). Purinergic signalling via A2x and P2X7 have
juxtaposing effects on lysosomal pH, lipid oxidisation and lipofuscin production
(Sanderson et al., 2014; Guha et al., 2013 and 2014; Liu et al., 2008). P2Y3R has roles
in subretinal fluid transport and has been shown to facilitate retinal reattachment in

animal models (Maminishkis et al., 2002).

1.3.4.1 Purinergic signalling and Miiller cells
Muller cells play important roles in retinal neurone-glial signalling (Newman, 2004),

homeostatic functioning and gliotic responses in pathological states (section 1.1.3.2.1
Miiller cells); purinergic signalling is essential in facilitating these roles (Wurm et al.,

2011).

Miiller cells predominantly release ATP in response to membrane stretch caused by
mechanical and osmotic changes (Newman 2003 and Newman 2001). ATP is also

released in response to neurochemical stimuli, for example glutamate acting on
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NMDA or AMPA/kainite receptors (Loiola and Ventura, 2011). Specific mechanisms
of ATP release include exocytosis and channel-mediated release (Wagner et al., 2017
and Uckermann et al., 2006). Miller cell generated ATP exerts autocrine and
paracrine effects. Autocrine actions include the generation of calcium waves and
gliosis (Reichenbach and Bringmann, 2016). Paracrine actions include neurone-glial
signalling, for example ATP released is converted into adenosine acting on A;

receptors in RGCs causing them to hyperpolarise (Newman, 2003).

Miiller cells express several purinergic receptors; it is currently thought they express
more P2YRs than P2XRs. Human Miiller cells contain mRNA for P2Y1R, P2Y3R, P2Y4R
and P2YeR (Fries et al., 2005, Fries et al., 2004 and Pannicke et al., 2001) and Pannicke
et al in 2000 provided the first evidence of P2X7R mRNA expression in human Miiller
cells by single-cell RT-PCR. Immunohistochemistry located clustering of receptors in

the cell soma (figure 1.18).

Figure 1.18: Immunohistochemistry for P2X7Rs in enzymatically dissociated Miiller cells (Pannicke

et al., 2000)

The cell is oriented in the image so the vitreous face is superior and distal processes are inferior.
Immunolabelling is with human anti-P2X7 receptor. The image shows immunofluorescence at the cell
soma (arrow). Autofluorescence is visible at the distal processes, as determined by a negative control

(not shown).
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Activation of P2X7Rs in human Miiller cells has previously been shown moderate Ca®*
influx and no pore formation (Pannicke et al., 2000). It is therefore unlikely that the
role of the P2X7R on the Miiller cell is to act as a ‘suicide trigger’ as proposed for
other cell types (Ferrari et al., 1997). Miiller cell expression of P2X7R increases in
certain pathological states, for example proliferative retinopathy (Bringmann et al.,

2001).

Previously it was described that P2X7R stimulation in RGCs caused cell-death as seen
in glaucoma (section 1.2.5 Pathophysiology, Niyadurupola et al., 2013). Miller cells
may facilitate P2X7R-mediated RGC death. Increased glutamate stimulating
glutamate receptors and high IOP causing mechanical stress causes Mdller cells to
release ATP (Xue et al., 2016). ATP is released into the IPL where it stimulates P2X7Rs
on RGCs causing increased calcium and subsequent apoptosis (Wurm et al., 2008,
Resta et al., 2007 and Zhang et al., 2005). Interestingly, released ATP converted to
adenosine acts on AszR in RGCs which has an inhibitory effect on calcium rise and
subsequent apoptosis (Zhang et al., 2006). In this way Miiller cell purinergic signalling

can exert both neurodegenerative and neuroprotective effects (Zhang et al., 2006).

ATP activation of the Miiller cell purinome produces a predominant P2Y1R response
with a minimal P2XR response (Wurm et al., 2009). The P2Y1R in Miiller cells plays an
essential role in retinal homeostasis. P2Y1iR signalling mediates Miiller cell osmotic
volume (Grosche et al., 2013; Wurm et al., 2009) allowing them to efficiently transfer
ions and fluid from the extracellular space to the vitreous body and blood vessels

(Reichenbach and Bringmann, 2013).

1.3.5 Therapeutic potentials of purinergic agents in disease
Recent research on purinergic signalling has focused on the therapeutic potentials of

purinergic agonists and antagonists for disease. Established agents include
clopidogrel and ticlopidine, P2Y1, antagonists acting on platelet P2Y12Rs to reduce

platelet aggregation and thereby preventing cardiovascular events such as stroke
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(Sarafoff et al., 2012 and Cattaneo, 2011). Diquafosol is a P2Y;R agonist used for the
treatment of dry eye (Jacobson and Civan, 2016). There are many other purinergic
receptor antagonists that are undergoing clinical trials for use in the management of

neuropathic pain and inflammation (Huang et al., 2021).

1.4 Purinergic signalling and calcium responses

1.4.1 Overview of calcium homeostasis and signalling
Calcium homeostasis is fundamental to life and therefore responsible cellular

mechanisms have been conserved through evolution from prokaryotic to human
cells. Virtually all cell functions involve calcium and unregulated calcium increase

would result in cell injury or death (Matikainen et al., 2021).

Physiological calcium concentration varies dependent on location. Extracellular
calcium is maintained at a concentration 10,000 times higher (103M) than
intracellular calcium (107M) in a resting cell. Within the cell specialised organelles,
such as the endoplasmic reticulum (ER), act as intracellular calcium stores. They
contain calcium at a concentration of 10*M. This resting gradient is maintained by
specialised proteins: when intracellular calcium concentration is raised the plasma
membrane Ca?* transport ATPase (PMCA) and the Na*/Ca%* exchanger (NCX) shift
calcium out of the cell, whilst the sarcoendoplasmic reticulum Ca?* ATPase (SERCA)
and mitochondrial Ca?* uniporter (mtCU) import calcium into the organelles restoring

the intracellular concentration (Bagur and Hajnoczky, 2017; figure 1.19).

Certain cell stimuli, such as membrane depolarisation or activation of some
receptors, result in an increase of intracellular calcium to 10°®M. Increased
intracellular calcium is a result of extracellular calcium influx via plasma membrane
Ca?* channels (e.g. LGIC and voltage-gated ion channels) or release from internal
stores via inositol 1,4,5-triphosphate receptors (IPsR) and ryanodine receptors (RyR)
(Bagur and Hajnoczky, 2017). In a process known as calcium induced calcium release
(CICR; figure 1.19) increased intracellular Ca?* further increases the levels of Ca®* by

release from ER/ sarcoplasmic reticulum (SR) stores.
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Each cell type has a unique profile of calcium signalling/regulation proteins and
agonist specific calcium response to suit its physiological requirements (Berridge et

al., 2000).

e )

(=] °° 7

'ﬁasma membrane

Na*/Ca?*
exchanger

Mitochondrion

Endoplasmic
reticulum

Figure 1.19: Cellular calcium homeostasis (Dong et al., 2006)

lllustration of the main transport proteins involved in the control of intracellular Ca?* concentration.
Raised intracellular Ca?* is mitigated by shifting Ca?* out of the cell (PMCA and NCX) and into
intracellular organelles (SERCA, mtCU). Conversely, Ca?* channels and release of Ca?* from internal

stores (via IP3R and RyR) increase intracellular Ca?* concentration.

1.4.2 Purinergic calcium responses in the Miiller cell
Activation of purinergic receptors on Miiller cells induce intracellular Ca?* changes.

ATP induced Ca?* rises can be transmitted across retinal tissue in waves forming an
important part of glial-glial and glial-neuronal cell signalling (1.3.4.1 Purinergic
signalling and Miiller cells). Miller cells can signal in this way to modulate local
immune, inflammatory, angiogenic and neuroprotective homeostatic functions

(Wurm et al., 2011).
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P2YR activation results in a signalling cascade which alters intracellular Ca?* levels
(Nash et al., 2001). P2YRs are GPCRs associated with a group of G-proteins (table
1.4; Burnstock, 2014). P2YRs can couple with G-proteins that inhibit intracellular Ca?*
release (Gai/o subfamily) or signal intracellular Ca?* release from intracellular stores
(Gas and Gag subfamily). P2YRs mostly couple with Gaq proteins which activate
phospholipase C (PLC). PLC hydrolyses the plasma membrane phosphatidylinositol
4,5-bisphosphate (PIP;) into the secondary messenger IP3 and the by-product

diacylglycerol (DAG). IP3 binds to its receptor IP3R on the surface of the ER/SR causing

Ca?* release from these internal stores (figure 1.20; Dhyani et al., 2020).

ATP

extracellular space

ER/SR lumen

[Ca?"] l

Figure 1.20: P2YR mediated Ca?* release from internal stores (Adapted from Reddish et al., 2017)

Nucleotides/nucleosides such as ATP bind to and activate P2YRs on the plasma membrane. P2YRs
mostly couple with Gaq proteins which activate PLC. PLC hydrolyses the plasma membrane PIP2 into
the secondary messenger IPs and the by-product DAG. IP3 binds to its receptor IP3R causing calcium

release from internal stores.

P2XR activation results in an influx of Ca?* directly through the ion channel (Wurm et
al., 2011; figure 1.16). P2 receptor mediated increase in intracellular Ca%* activates

big-conductance potassium (BK) channels that cause a K* efflux and
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hyperpolarisation. Cell depolarisation caused predominantly by Na*and also some
Ca®* influx is balanced by hyperpolarisation caused by K* efflux through BK channels
(figure 1.21). Several groups have utilised intracellular Ca?* imaging to demonstrate

functional evidence of P2 receptors on Miiller cells.

Ligand Gated lon Channel ,, Inhibit K  Calcium activated BK Channel
+
Ca
@ — :
T =

Membrane |
Depolarization x| &
Actlvat&, =1 C62+

cahl Cab Activate * A
Ca*

Figure 1.21: LGIC channel and BK channel (Adapted from Wang et al., 2014)

Agonist binding at LGICs, such as the P2X7R, cause Ca®" influx into the cell and membrane
depolarisation. Ca?* influx and depolarisation activate BK channels causing a K* efflux and membrane
repolarisation. BK channels thereby act as a negative feedback mechanism for inward currents across

the plasma membrane.

Although mRNA evidence suggests the existence of a wider profile of P1 and P2
receptors, calcium evidence has been demonstrated for P1Ai1R, P1A;aR, P1AzsR
(Newman, 2005), P2Y1R P2Y,Rand P2Y4R (Weick et al., 2005) and P2X7R (Pannicke et
al., 2000) on rat, rabbit and human Miiller cells, respectively. It has been postulated
that P2YiR-activation is predominantly responsible for ATP induced elevations in
intracellular Ca?* (Wurm et al., 2009). Activation of P2X7R on human Miiller cells has
shown moderate Ca?* influx (figure 1.22) and subsequent dye-filling experiments
have shown no pore formation (table 6.2; Pannicke et al., 2000). Stimulation of
P2X7Rs causes a more sustained response compared to stimulation of P2YRs (figure
1.22). Inward currents through the P2X7R are potentiated by low concentrations of

divalent cations in the extracellular fluid (Pannicke et al., 2000).
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Figure 1.22: ATP and BzATP generated responses in single human Miiller cells. A. Intracellular Ca?*
responses elicited by ATP and BzATP in dissociated human Miiller cells using fura-2-acetoxymethyl
(fura-2) AM microfluorimetry. B. Evoked currents (x, mV) over time (y, s) (adapted from Pannicke et

al., 2002)

A. ATP evoked fast and transient intracellular calcium rises whilst BzZATP showed more sustained
responses and occasional double-peaks. Data presented as 340/380 fluorescence ratio measurements
using fura-2 AM microfluorimetry. B. ATP (100uM) and BzATP (50uM) used to stimulate P2-receptors
caused altered currents across a single human Miiller cell. Stimulation of P2YRs caused repetitive Ca?*
induced activation of BK channels (left of image and recorded at +120mV). Stimulation of P2X7Rs
caused a cation current through its channel and a sustained Ca?*-induced activation of BK channels

(right of image, recorded -60 to -100 and +120mV respectively)

1.5 Interleukins

1.5.1 Overview
Interleukins are cytokines or signalling molecules that are predominantly expressed

by leucocytes. Interleukins play essential roles in leucocyte function including
modulating physiological immune and pathological inflammatory responses (Vaillant
and Qurie, 2021). Physiological roles include differentiation, proliferation,
maturation, migration, and adhesion of leucocytes. There are many interleukins
assigned interleukin-1 (IL-1) to IL-40, they are broadly classed as pro-inflammatory or
anti-inflammatory although this can be more intermingled (Vaillant and Qurie, 2021).
Following research is principally focused on IL-1 and IL-10 due to their association

with glaucoma described below.
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1.5.2 Interleukins and glaucoma
Local inflammatory responses may contribute to the RGC death in glaucoma.

Aqueous humor of glaucomatous eyes has increased amounts of interleukins IL-6, IL-
8, IL-10, IL-12, IL-36, IL-37 and IL-38 when compared with age-matched controls
(Zhangetal., 2019; Freedman and Iserovich, 2013; Chua et al., 2012; Takai et al., 2012
and Kuchtey et al., 2010). Mutations of interleukin-20 receptor-B (IL-20RB) have been
identified in a human POAG pedigree, additionally the IL-20 family with its receptors
have shown altered levels of expression in a mouse model of glaucoma (Wirtz and
Keller, 2016). A polymorphism of the IL-6 gene was associated with changes in the
structure of the ONH and RNFL which may relate to increased severity of glaucoma
(Wang et al., 2017). Reduced levels of IL-6 and VEGF in the aqueous humour were
associated with decreased RGC death in a glaucomatous rat model (Song et al., 2018).
Polymorphisms of the IL-10 gene have shown increased susceptibility to glaucoma in

the Iranian population (Fakhraie et al., 2020).

Of the interleukins, IL-1B gene polymorphism, mRNA upregulation and protein
release have been shown by several groups to be associated with glaucoma
(Niyadurupola et al., 2013 and 2009; Zhang & Chintala, 2004; Lin et al., 2003; Yoneda
et al., 2001 and Hangai et al., 1995). The relationship between IL-1B and glaucoma
pathogenesis is unclear with some studies finding a neuroprotective and others a
neurodegenerative effect. POAG patients were found by Lin et al in 2003 to have a
genetic polymorphism of IL-1B and IL-1a gene, which increases the levels of IL-13
secreted. However, since then 4 further studies have found varying results
(Markiewicz et al., 2013; Mookherjee et al. 2010; How et al., 2007; Wang et al., 2007).
Our group has previously shown that stimulation of the P2X7R mediates RGC death
in the human organotypic retinal culture (HORC) model (Niyadurupola et al., 2013);
there was associated release of IL-1B and IL-10 (Niyadurupola et al., 2009). IL-1B
mRNA upregulation and protein release have similarly been demonstrated in optic
nerve ligation models (Zhang & Chintala, 2004; Hangai et al., 1995). In ischaemic
models of glaucoma application of IL-1B antagonist have mitigated damage, implying

a neuroinflammatory role of IL-1B in glaucoma (Yoneda et al., 2001). Contrary to this,
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in NMDA excitatory models of glaucoma application of IL-1B has provide a

neuroprotective effect (Kitaoka et al., 2007).

1.5.3IL-1
In 1974 research on endogenous factors responsible for mediating fever led to the

discovery of a family of cytokine factors eventually named IL-1 (Lomedico et al.,
1984). The IL-1 family is primarily associated with roles in innate immunity and
inflammation (Dinarello et al., 2018). There are 11 IL-1 cytokines and 10 IL-1
receptors (table 1.7). IL-1 cytokines are divided into 3 subfamilies: (i) IL-1 sub-family;
(ii) IL-18 subfamily and (iii) IL-36 subfamily (Dinarello et al., 2018). Thesis research
focuses on the IL-1 subfamily isoforms IL-1a and IL-1B. IL-1a and IL-1P are produced
as precursor proteins which are cleaved into mature proteins. IL-1aand IL-1 mature
protein binds to their interleukin-1 receptor (IL-1R) exerting identical downstream
biological responses (Paolo and Shayakhmetov, 2016). IL-1 is a potent inflammatory
cytokine: the balance between benefit and toxicity is a narrow margin in humans, as

such its synthesis and release are tightly regulated (Dinarello, 1997).

IL-1 family Specific receptor Coreceptor Function

IL-1a, IL-1B IL-1R1 IL-1R3 Pro-
inflammatory

IL-1B IL-1R2 IL-1R3 Anti-
inflammatory

IL-1Ra IL-1R1 Not applicable Anti-
inflammatory

IL-18 IL-1R5 IL-1R7 Pro-
inflammatory

IL-33 II-1R4 IL-1R3 Pro-
inflammatory

IL-36a, B, ¥ IL-1R6 IL-1R3 Anti-
inflammatory

IL-36Ra IL-1R6 IL-1R3 Anti-
inflammatory

IL-37 IL-1R5 IL-1R8 Anti-
inflammatory

IL-38 IL-1R6 IL-1R9 Anti-

inflammatory
Table 1.7: IL-1 family of ligands and receptors (replicated from Dinarello et al., 2018)

82



1.5.3.1IL-1 type 1 receptor (IL-1R1) and IL-1 type 2 receptor (IL-1R2)
IL-1a and IL-1B bind at IL-1R1 and IL-1R2. IL-1a and IL-1f are agonists at the IL-1R1

through which they exert their downstream signalling. IL-1R antagonist (IL-1Ra) is a
naturally occurring antagonist at the IL-1R1: it binds to IL-1R1 and inhibits the agonist
action of IL-1a or IL-1B at their receptor (Yazdi and Ghoreschi, 2016 and Dinarello,
1996). Once IL-1a or IL-1B binds to the IL-1R1, another receptor IL-1 receptor
accessory protein (IL-1RAcP or IL-1R3) is recruited at the plasma membrane to form
a signal transduction complex. The complex recruits myeloid differentiation primary
response gene 88 (MyD88) and kinases, it activates nuclear factor kappa B (NF- kB),
c-Jun N-terminal kinases (JNK) and p38 mitogen-activated protein kinases (MAPK)

which target gene transcription (figure 5.1; Weber et al., 2010).

IL-1a or IL-1B binding at IL-1R2 does not lead to downstream signalling, it is
considered a decoy receptor. IL-1a has greater affinity for the IL-1R1, IL-1B has
greater affinity for IL-1R2 (Dinarello et al., 1996).

1.5.3.2IL-1a
IL-1a is expressed in healthy physiological and inflammatory states in many cell types

(Bersudsky et al., 2014). It is highly expressed by epithelial and endothelial cell types
(Bersudsky et al., 2014; Garlanda et al., 2013 and Rider et al., 2012).

IL-1A gene is located next to the /L1B gene on the long arm of chromosome 2 (Modi
etal., 1988). IL-1A is translated in a 271 amino acid precursor protein pro-IL-1a. Pro-
IL-1a contains a nuclear localisation sequence (NLS) in its N-terminal domain. It is
cleaved by the protease calpain into a propiece containing the N-terminal and the
mature protein containing the C-terminal (Kobayashi et al., 1990). Both pro-IL-1a and
mature IL-1a are ligands at the IL-1R1 and produce identical downstream functions
(Kim et al., 2013). IL-1a functions both as a secreted and as a membrane-bound

cytokine. Membrane bound is the pro-IL-1a form (Kurt-Jones et al., 1985, 1986 and
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1987). Pro-IL.-1a and mature IL-1a are released from the cell when the plasma
membrane is damaged. Mature IL-1a can also be released by binding to the Cu?*-

S100A13 complex (figure 1.23).

Nucleus | Cytosol ¢ l;"ici-'ﬂ‘!l ,
Caspase-1 - éy
IL-1a precursor f '

€——————— N-ter propicce  C-ter mature

Figure 1.23: IL-1a precursor, propiece and mature forms (adapted from Rider et al., 2013)

The pro-IL-1a precursor protein is enzymatically cleaved by the protease calpain into the propiece and
the mature protein. Diametrically, the pro-IL-1a C-terminal can bind to the IL-1R2 which prevents
calpain cleavage. The cleaved propiece contains a NLS and this allows translocation into the nucleus.
Mature IL-1a binds to the Cu?*"S100A13 complex during pathological states of cell stress which enables
its release from the cell. Disruption of the plasma membrane also causes its release. Pro-IL-1a can also

be inserted into the plasma membrane.

IL-1a is the major cytokine initiating sterile inflammation (Rider et al., 2013). IL-1a
acts as a danger associated molecular pattern (DAMP). IL-1a is released from
damaged or necrotic cells triggering an inflammatory response: meanwhile,
apoptotic cells retain IL-1a within their nucleus and do not initiate an inflammatory
response (Lamacchia et al., 2013 and Cohen et al., 2010). Increased levels of this
cytokine have been demonstrated in autoimmune conditions such as rheumatoid
arthritis (Dinarello et al., 2012; Chikanza et al., 1995 and Deleuran et al., 1992),

psoriasis (Kristensen et al., 1992 and Gomi et al., 1991) and systemic sclerosis (Aden
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et al., 2010 and Kawaguchi et al., 1999). Increased IL-1a is also associated with the
neurodegenerative Alzheimer’s dementia (Griffin et al., 1995 and Griffin et al., 1989).
Both IL-1a and IL-1 promote tumour invasiveness, metastasis and chemical-induced

carcinogenesis through inflammatory responses they induce (Rider et al., 2013).

IL-1a and IL-1B levels are related via the IL-1a-inflammasome-IL-1B axis. Necrotic
cells activate caspase-1. Caspase-1 cleaves pro-IL-1f into mature IL-1B (Ambade and
Re, 2009), however it also cleaves IL-1R2. As described earlier (figure 1.23), IL-1R2
inhibits calpain cleavage of pro-IL-1a therefore its cleavage allows production and
secretion of mature IL-1a. IL-1a and IL-1B lack a signal peptide for the classical
secretion pathway, in this way caspase-1 play roles in the processing and secretion of
both cytokines (Keller et al., 2008). Studies of inflammation in mouse models shows
early-on at 24 hours IL-1a is more highly expressed, whilst later-on at 5 days IL-1pB is

more highly expressed (Dinarello et al., 2012).

1.5.3.3 IL-1B
IL-18 has homeostatic functions including the regulation of feeding, sleep and

temperature (Dinarello, 1996). However, it is predominantly produced in
pathological states and it is amongst the most pro-inflammatory agents (Giuliani et
al., 2017; Dinarello, 2011 and Gabay et al., 2010). IL-1B is highly expressed by:
immunocompetent cells, such as macrophages and mast cells; glial cells, such as
microglia and astrocytes and other specialised cell-types, such as keratinocytes and

fibroblasts (Ren and Torres, 2009).

IL1B gene is located on the long arm of chromosome 2. IL-1B is located alongside an
8 IL-1 family gene cluster (Modi et al., 1988). There are several stages in IL-1B protein
production and release. Pathogen-associated molecular pattern (PAMP) stimulation
of toll-like receptors (TLRs) initiate synthesis of the precursor protein pro-IL-1B
(Janeway et al., 2001). Pro-IL-1B is proteolytically cleaved by the enzyme caspase-1,

which removes the N-terminal of the amino-acid resulting in the mature protein.
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Caspase-1 requires NLRP3 inflammasome binding before it can exert its enzymatic
effects. The inflammasome is an intracellular multi-protein complex that acts as a
scaffold for pro-inflammatory caspases. NLRP3 inflammasome is assembled in
response to a variety of exogenous PAMPs and DAMPs. High concentrations of ATP
act as a DAMP, stimulate the P2X7R and are well associated with NLR3P activation,
IL-1B synthesis and release (1.5.3.3.1 P2X7R and IL-18). As mentioned previously, IL-
1B does not contain a leader amino-acid sequence and so is not released from the
cell via the endoplasmic reticulum-golgi body secretory pathway (Rubartelli et al.,
1990). There are 4 proposed mechanisms for IL-1B release: (i) lysosomal secretory
exocytosis; (ii) microvesicle shedding (iii) exosomal exocytosis and (iv) passive
diffusion across a leaky plasma membrane during cell death (Giuliani et al., 2017,

figure 1.24).
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Figure 1.24: NLRP3 inflammasome structure and possible mechanisms of IL-1p release (Giuliani et

al., 2017)

High concentrations of ATP stimulate the P2X7R causing NLRP3 inflammasome assembly.
Components of the NLRP3 inflammasome include: NIMA-related kinase 7 (NEK7) binding to NLRP3
protein, engagement with apoptosis-associated speck-like protein containing a CARD (ASC),
recruitment of pro-caspase-1 (Yang et al., 2019). Subsequently caspase-1 cleaves pro-IL-1B forming
mature IL-1B ready for release from the cell. Four mechanisms of release are shown: (i) lysosomal
secretory exocytosis; (ii) microvesicle shedding (iii) exosomal exocytosis and (iv) passive diffusion

across a leaky plasma membrane during cell death.

Upregulation of IL-1pB is associated with inflammatory and autoimmune conditions,
such as rheumatoid arthritis, osteoarthritis, gout and inflammatory bowel disease. It
is also associated with neurological conditions such as neuropathic pain and

Alzheimer’s dementia (Dinarello, 2004, Braddock and Quinn, 2004, Dinarello, 1996

and Ren and Torres, 2009).

87



1.5.3.3.1 P2X7R and IL-1
High concentrations of ATP activating the P2X7R is well recognised as the most

important trigger of IL-1B synthesis and release (Di Virgilio et al., 1998; Pelegrin et al.,
2008; Sanz et al., 2009), predominantly because of the role the P2X7R has in NLRP3
inflammasome activation. Supporting this, animal studies show mice lacking P2X7R
or NLRP3 are not capable of ATP induced IL-1P release (Solle et al., 2001; Mariathasan
et al., 2004, 2006).

Activation of the NLRP3 inflammasome has two stages: priming and activation.
Priming involves inflammatory stimuli, such as Toll-like receptor 4 (TLR-4) agonists,
inducing NF-kB NLRP3 protein and pro-IL-1 expression. Activation involves PAMPs
and DAMPs promoting NLRP3 assembly (Yang et al., 2019). Many PAMPs and DAMPs
can activate the NLRP3 inflammasome with the final common pathway of these
stimuli hypothesised to be K* efflux (Munoz-Planillo et al., 2013; Murakami et al.,
2012). ATP binding at the P2X7R, causes Ca?* influx, membrane depolarisation and
activation of BK channels with a K* efflux (described earlier alongside figure 1.21 and
figure 1.23): by this mechanism ATP acts via the P2X7R as an efficient NLRP3 activator
(Prochnicki et al., 2016). Activation of the P2X7R also causes oxidised mitochondrial
DNA release into the cytoplasm, this assists NLRP3 inflammasome activation by direct

interaction (Shimada et al., 2012 and Nakahira et al., 2011).

1.5.4 1L-10
IL-10 is a predominantly an anti-inflammatory cytokine. It modulates responses to

infection or inflammation so that there is minimal resultant tissue damage. IL-10 was
first identified in 1989 as cytokine synthesis inhibitory factor (CSIF) produced by
mouse T helper 2 (Th2) cells and noted to inhibit T helper 1 (Th1) cytokine production
(Moore et al., 2001). Later research showed that IL-10 suppressed several
monocyte/macrophage functions, and that inhibition of Th1 cytokine production was
secondary to this (Ding and Shevach, 1992; de Waal Malefyt et al., 1991 and
Fiorentino et al., 1991). Its prominent function is to inhibit cytokine synthesis: IL-1a,
IL-1B, IL-6, IL-10 itself, 1L-12, IL-18, granulocyte-macrophage colony-stimulating

factor, granulocyte colony-stimulating factor, macrophage colony-stimulating factor,
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TNF, leukemia inhibitory factor and platelet-activating factor (Moore et al., 2001 and
1993). IL-10 is highly expressed by immunocompetent cells: monocytes and
macrophages; dendritic cells; neutrophils; B-cells and T-cells (Moore et al., 2001 and

1993)

Although IL-10 is considered an anti-inflammatory cytokine, it has also been linked to
pro-inflammatory and autoimmune pathology: the best characterised example of
this is the association between high IL-10 expression and development of the
autoimmune condition Systemic Lupus Erythematosus (Grondal et al., 1999; Rood et
al., 1999; Gonzalez-Amaro et al., 1998; Eskdale et al., 1997; Lazarus et al., 1997;
Llorente et al., 1997; Llorente et al., 1995). Notably human IL-10 (hlIL-10) homologs
have been found in Epstein-Barr virus, cytomegalovirus and poxvirus orf (Kotenko et

al., 2000; Fleming et al., 1997; Vieira et al., 1991 and Moore et al., 1990).

HIL-10 gene is located on chromosome 1 (Kim et al., 1992). HIL-10 expression is
regulated by the transcription factors Spl and Sp3 present in many cell types
(Brightbill et al., 2000 and Tone et al., 2000). HIL-10 encodes a protein made of 178
amino-acids forming an o-helix secondary structure (Viera et al., 1991). X-ray
crystallography revealed quaternary assembly as a homodimer, similar in structure
to the cytokine interferon-y (IFN-y) which notably functions as the primary activator
of monocytes/macrophages (Zadnov et al., 1996; Walter and Nagabhushan, 1995 and
Zdanov et al., 1995).

IL-10 exerts its downstream effects by binding to the IL-10 receptor (IL-10R). The IL-
10R is made of two subunits: IL-10 receptor 1 (IL-10R1 or IL-10Ra) and IL-10 receptor
2 (IL-10R2 or IL-10RP). IL-10 binds at the IL-10R1 subunit with high affinity Ky ~35-
200pM (Liu et al., 1994 and Tan et al., 1993). HIL-10/hIL-10R1 complexes can form
multimers with two hlL-10 dimers binding to four IL-10R1 molecules (Josephson et
al., 2000). IL-10R employs IL-10R2 as an accessory subunit for signalling, it initiates
signal transduction via the jak/stat pathway. The genes for the two subunits are in
two different chromosomes: IL-10R1 in chromosome 11 and IL-10R2 in chromosome

21 as part of the interferon receptor gene complex (Lutfalla et al., 1993).
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1.6 Aims of the thesis
The purpose of this research is to contribute to the understanding of the role(s)
purinergic signalling may have in the pathogenesis of glaucoma. It has been shown
that P2X7R stimulation in HORC models is associated with RGC death as seen in
glaucoma, as well as release of neuroprotective and neurodegenerative cytokines IL-
10 and IL-1B respectively. The mechanism of RGC death and cell-types involved in
cytokine release have yet to be identified. Miiller cells are the most abundant glial
cell in the human retina. The aims of this thesis research are to firstly identify the
functional purinergic receptors in the human Miller cell, then to establish if
stimulation of the P2X7R on the Miiller cell causes its death and/or IL-10 and 1L-1B

mMRNA expression and protein release.
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Chapter 2: Materials and Methods

2.1 MIO-M1 cells
Moorfield’s/Institute of Ophthalmology — Miiller 1 cells (MIO-M1; University College
London, UK) between passage number 21 and 50 (figure 2.1) were used as an
experimental model for human Miiller cells throughout this research. MIO-M1 cells
are an immortalised human Miiller cell line derived from the eye of a 68-year-old

donor at 36-hours post-mortem (Limb et al., 2002).

Figure 2.1: Phase contrast microscopy images of MIO-M1 cells (Limb et al., 2002)
The morphological appearance of MIO-M1 cells changes with their confluence. Image A demonstrates
a sub-confluent single-cell layer that exhibits long projections and bipolar morphology. Image B

demonstrates a confluent single-cell layer exhibiting a “fibroblast-like’ morphology.

2.1.1 Cell culture
MIO-M1 cells were kept in culture in Dulbecco’s modified Eagle medium (DMEM)

with L-glutamine, pyruvate and 1g/L of glucose (Life technologies, Thermo Fisher
Scientific, Paisley, UK) to which heat-inactivated fetal bovine serum (FBS; Life
Technologies) was added at a concentration of 10%. Penicillin-Streptomycin (Life
Technologies) was added at a concentration of 1% as a bactericide. They were
contained in 75cm? culture flasks (Nunc™, Thermo Fisher Scientific, Loughborough,
UK) and left to expand in a humidified incubator at 35°C in 95% air, 5% CO; until 80-

90% confluent.
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Once confluent they were passaged. Culture medium was aspirated and cells washed
with Dulbecco’s phosphate buffered saline (DPBS, Invitrogen, Thermo Fisher
Scientific, UK). For cellular detachment 0.05% Trypsin-EDTA (Life technologies) was
applied for 5 min whilst incubated, which was then neutralised by the addition of
DMEM with FBS. Once transferred to a 15mL universal tube (Nunc™) the cell
suspension was centrifuged at 50 x G for 5 min to cause formation of a cell pellet.
After removal of the supernatant the cell pellet was re-suspended in culture medium
ready for experimental use (table 2.1) and seeding of another 75cm? culture flasks to

maintain stock.

Culture dish Seeding density Volume of

culture medium

(T18)
RT-qPCR 35mm cell culture dishes 120, 000 cells per dish 1,500
(Corning)
MTS 96 well plate (Nunc™) 6,000 cells per well 200
LDH 96 well plate (Nunc™) 6,000 cells per well 200
Calcium microfluorimetry  Poly-D-Lysine coated 96 20,000 cells per well 100
well Plate (Nunc™)
ELISA 35mm cell culture dishes 120, 000 cells per dish 1,500
(Corning)

Table 2.1: Seeding density of MIO-M1 cells used for experimental assays

2.2 Enzymatic Dissociation of Human Retinal Tissue
Human donor eyes were provided by the East Anglian Eye Bank (Norwich, UK) within
24 hours of post-mortem with consent and ethical approval. Donor eyes were
assigned a serial number and any identifiable information regarding the donor was
not included in the information provided to the research team. Donor eyes with
previous ocular disease(s) were excluded for the purposes of this thesis research.
Four eyes, from four individual donors were used. The age range of donors was 57-

61 years.

Donor eye retinal tissue was dissected from the remainder of the globe. To gain

access to the retina a circumferential ring of sclera was removed at the ora serrata
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and the vitreous body removed. The retina was mechanically detached from the
underlying RPE and choroid using gentle traction with Calibri straight forceps, the
attachment of the retina at the optic nerve was cut using Westcott curved tenotomy
scissors. Circumferential 4mm sections of retina were dissected with a trephine
(Biomedical Research Instruments, USA) and placed into serum-free DMEM

supplemented as described previously in 2.1.1 cell culture.

Retinal tissue was disassociated into a mixed cell suspension through a series of
enzymatic digestion and mechanical steps. Retinal tissue was placed in a 5ml
universal tube (Nunc™) and enzymatically digested by incubation with papain (Sigma
Aldrich) in a humidified incubator at 35°C for 10 minutes. Mechanical trituration of
retinal tissue in papain was performed by repeat pipetting with a P1000 pipette. The
cell suspension was centrifuged at 300 x G for 5 min to form a cell pellet. Supernatant
was removed and two washing steps were performed by re-suspending the cell pellet
in DPBS and centrifuging again. The cell suspension was passed through at 40um cell

strainer (Sigma-Aldrich, Merck, Dorset, UK) ready for experimental use.

2.3 Agonists and Antagonists
A range of non-selective and selective agonists and antagonists were applied to MIO-
M1 cells for experimental use throughout this this research, these are listed below

with their concentration in table 2.2.
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Reagent

(Manufacturer)

Primary action of reagent

Experimental use

Concentration

ATP

(Sigma Aldrich)

ADP

(Sigma Aldrich)
uTP

(Sigma Aldrich)
UDP

(Sigma Aldrich)
UDP-glucose

(Sigma Aldrich)
MRS 2690

(Tocris Bioscience, Bristol,
UK)

BzATP

(Sigma Aldrich)

NF 449

(Tocris Bioscience)
PSB 12054

(Tocris Bioscience)
5-BDBD

(Tocris Bioscience)
BX 430

(Tocris Bioscience)
AZ10606120

(Tocris Bioscience)
A438079

(Tocris Bioscience)

Non-selective P2 receptor
agonist

P2Y1R, P2Y12R and P2Y13R

agonist

P2Y2R and P2Y4R agonist

P2YeR agonist

P2Y14R agonist

Selective P2Y14R agonist

P2X7R and P2X4R agonist

Selective P2X1R antagonist

Selective P2X4R antagonist

Selective P2X4R antagonist

Selective P2X4R antagonist

Selective P2X7R antagonist

Selective P2X7R antagonist

Calcium microfluorimetry

MTS, LDH

and PCR

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

PCR

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

Calcium microfluorimetry

and PCR

Calcium microfluorimetry

Table 2.2: Agonists and antagonists used for experimental assays (Page 1 of 2)
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Reagent

(Manufacturer)

Primary action of reagent

Experimental use

Concentration

MRS 2179 Selective P2Y1R antagonist Calcium microfluorimetry 10uMm
(Tocris Bioscience)
AR-C118925XX Selective P2Y;R antagonist Calcium microfluorimetry 10uM
(Tocris Bioscience)
MRS 2578 Selective P2Y¢R antagonist Calcium microfluorimetry 10uM
(Tocris Bioscience)
PSB 0739 Selective P2Y12R antagonist Calcium microfluorimetry 10uM
(Tocris Bioscience)
MRS 2211 Selective P2Y13R antagonist Calcium microfluorimetry 10uM
(Tocris Bioscience)
PPTN hydrochloride Selective P2Y14R antagonist Calcium microfluorimetry 10uM
(Tocris Bioscience)
Suramin Non-specific pan- Calcium microfluorimetry 10uM
antagonist for purinergic
(Sigma Aldrich) receptors
IL-18 IL-1R1 agonist LDH, PCR & IL-10 ELISA 10nM
(Abcam, Cambridge, UK)
LY 294002 Selective competitive LDH, PCR & IL-10 ELISA 10uM
inhibitor of PI3K
(Sigma Aldrich)
Bardoxolone methyl Inhibitor of NF- kB LDH, PCR & IL-10 ELISA 5uM
(Sigma Aldrich)
SB 203580 Selective competitive LDH, PCR & IL-10 ELISA 2.5uM
inhibitor of p38 MAPK
(Sigma Aldrich)

Table 2.2: Agonists and antagonists used for experimental assays (page 2 of 2)

Abbreviations (not defined previously): 5-BDBD: 5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro(3,2-

e]- 1,4-diazepin-2-one; PPTN hydrochloride: 4-[4-(4-Piperidinyl)phenyl]-7-[4-

(trifluoromethyl)phenyl]-2-naphthalenecarboxylic acid hydrochloride

Reagents were in solution with distilled water or dimethylsulfoxide (DMSO). Where DMSO was used

as a vehicle this was added to the relevant experimental control group at the same concentration.

95



2.4 Reverse transcription quantitative polymerase chain reaction (RT-
qPCR)

MRNA expression in response to stimulus was evaluated using real time quantitative

PCR (figure 2.2).

HNA & m b 1

First-strand itk 5 R PP rrase
c¢DNA synthesis P W
dNTPS

RT
cDNA:RNA hybrid Illl 10RRREN | _ | _ | _ I _
formation " Y

- r
PCR

DNA amplification

Figure 2.2: Stages of reverse transcription quantitative polymerase chain reaction (ThermoFisher,
2018)
RNA is extracted from cells and then converted to cDNA by reverse transcription. cDNA is amplified by

PCR. RT-gPCR allows for analysis of mRNA expressed at low concentrations by cells.

2.4.1 RNA extraction
The ReliaPrep RNA Cell Miniprep System (Promega) was used to extract RNA from

treated cells. All materials used were part of the kit unless stated otherwise.

To lyse the cells buffer containing 1-thioglycerol was applied. Cells were then
homogenised by vigorous pipetting. Released RNA was then bound to the membrane
of the ReliaPrep Minicoloumn through a series of wash and centrifuging steps. DNase
was applied directly to the membrane for 15 min at room temperature to digest any
DNA contaminant. DNase, protein and cellular contaminants were removed from the
membrane by an additional series of wash and centrifuging steps. Finally, 30uL of

RNAse free water was added to the membrane to elute the RNA.
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Concentration and purity of RNA was assessed by wavelength absorbance
measurements by the NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, USA). Wavelength ratios 260/280nm and 260/230nm were measured.
Ratios >2.0 are indicative of good purity RNA. Ratio <2.0 this threshold indicates
protein or phenol contaminants. Only experiments with a sample-set containing

good purity RNA were used for PCR.

2.4.2 First-strand complementary DNA (cDNA) synthesis
Single stranded RNA was converted to more stable double-stranded cDNA for storage

and use as a template in RT-qPCR.

RNAse free water was added to RNA to ensure a standardised concentration of
10ng/ul for reaction. Random primers (Promega) and deoxyribonucleotide
triphosphate (dNTP; Invitrogen) were added to each sample as the necessary
components for DNA synthesis. Samples were heated at 65°C for 5 min in the Peltier
Thermal Cycler DNA engine (MJ Research, Minnesota, USA). Once chilled, RNAse
inhibitor (Promega), dithiothreitol (Invitrogen) and first strand buffer (Invitrogen)
were added to prevent degradation of mRNA, break bonds in the secondary structure
of RNA to facilitate reverse transcription of cDNA and ensure necessary pH and ions
for the reaction. Samples were heated at 25°C for 10 min and 42°C for 2 minutes.
Once chilled, the reverse transcriptase enzyme Superscript Il (Invitrogen) was added
which uses a short primer complementary to the 3' end of the RNA to synthesise first
strand cDNA (figure 2.2). Finally, Samples were heated at 42°C for 50 minutes and
70°C for 15 min to produce cDNA.

2.4.3 TagMan RT-qPCR
RT-qPCR was performed to amplify the cDNA produced in each sample.

RNAse free water was added to cDNA to produce a reaction concentration of
0.5ng/ul. cDNA sample, Mastermix (PCR Biosystems, London, UK), TagMan probes

(table 2.3) and RNAse free water at a reaction mixture volume of 25uL were loaded
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on to the Optical 96 reaction plate (Applied Biosystems, Warrington, UK). The PCR
reaction was facilitated using Applied Biosystems 7500 Fast Real-Time PCR system
(Applied Biosystems) with its programmed cycle of heated stages. Heated stages of
50 C for 2 min, 95 C for 10 min, followed by 40 cycles of 95 C for 15s and 60’ C for 60s
were used. Higher temperatures denatured double-stranded DNA and cooler
temperatures facilitated primer binding to single-stranded DNA resulting in

amplification.

Probe Manufacturer Part Number Reporter
Topoisomerase (TOP 1) Roche Diagnostics, Burgess CCCTGTACTTCATCGACAAGC FAM
Hill, UK
Cytochrome C1 (CYC 1) Primer Design, HK-DD-hu-300 FAM
Southampton, UK
P2X1R ThermoFisher Hs00175686_m1 FAM
P2X2R* ThermoFisher Hs04176268 gl FAM
P2X3R ThermoFisher Hs01125554 _m1 FAM
P2X4R ThermoFisher Hs00602442_m1 FAM
P2X5R ThermoFisher Hs01112471_m1 FAM
P2X6R ThermoFisher Hs01003997_m1 FAM
P2X7R ThermoFisher Hs00175721_m1 FAM
P2Y1R* ThermoFisher Hs00704965_s1 FAM
P2Y2R* ThermoFisher Hs04176264_s1 FAM
P2Y4R* ThermoFisher Hs00267404_s1 FAM
P2Y6R* ThermoFisher Hs00366312_m1 FAM
P2Y11R* ThermoFisher Hs01038858_m1 FAM
P2Y12R* ThermoFisher Hs01881698 s1 FAM
P2Y13R* ThermoFisher Hs03043902_s1 FAM
P2Y14R* ThermoFisher Hs01848195_s1 FAM
IL-18 Applied Biosystems, Hs00174097_m1 FAM
Warrington, UK
IL-10 ThermoFisher Hs00961622_m1 FAM

Table 2.3: TagMan probes

Probes indicated with an asterisk (*) are within a single exon, they may amplify any contaminating

genomic DNA.

Gene of interest amplification was normalised in relation to stably expressed

housekeeping genes TOP 1 and CYC 1. Gene of interest mRNA was expressed as fold-
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changes relative to control. The delta (A) cycle threshold (Ct) method was used to

calculate fold-changes in gene expression using the equation below:

ACt1 = Ct (gene of interest, sample) — Ct (housekeeping gene, sample)
ACt2 = Ct (gene of interest, control) — Ct (housekeeping gene, control)
AA Ct = ACt1 (sample) — ACt2 (control)

Normalised target gene expression level = 2-AAC

2.5 MTS assay
Cell viability  was evaluated using  3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega,
Southampton, UK) colorimetric assay: mitochondria of metabolically active cells
bioreduce MTS to formazan causing a detectable colour change which can be

quantified by wavelength absorbance measurements (Promega, 2018).

Cells were serum starved for 24 hours, then incubated in a range of ATP (100uM-
3mM) and BzATP (10uM-300uM) concentrations for a further 24 hours. MTS solution
at a 10% concentration was added directly to the culture medium containing cells
and incubated for 1 hour at 35°C, 5% CO,. Absorbance at a wavelength of 490nM was

measured using the FLUOstar Omega plate reader (BMG Labtech, Cambridge, UK).

Background readings were adjusted for. Cell viability was expressed as a percentage

of the control.

2.6 LDH assay
Cell cytotoxicity was evaluated using lactate dehydrogenase (LDH, Roche,
Switzerland) colorimetric assay: dead and lysed cells release LDH which is measured
by this chromogenic substrate containing kit for quantification by wavelength

absorbance measurements (Roche, 2011).
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Cells were serum starved for 24 hours and then incubated in a range of reagents for
a further 24 hours: ATP (100uM-3mM); BzATP (10uM-300uM); IL-1B (1-100nM);
LY294002 (10uM); Bardoxylone methyl (5uM) and SB203508 (2.5uM). 100uL of
culture medium supernatant from each sample was transferred to a 96-well plate
(Nunc™) and 100pL of the catalyst dye mix was added to this. This was incubated for
15min at 37°C. Absorbance at wavelengths of 490nM and 660nM were measured

using the FLUOstar Omega plate reader.
Cell cytotoxicity was calculated by subtracting absorbance readings at 490nM by

readings at 660nM. Background readings were adjusted for. Cell cytotoxicity was

expressed as a percentage of the control.

2.7 Calcium microfluorimetry

—0uM

—0.017uM
—0.038uM
—0.065uM
—0.100uMm
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—0.225uM
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Figure 2.3: A. Fura-2 AM binding intracellular calcium (Yang et al., 2010) and B. Fura 2 AM emission
spectra at different concentrations of Ca2* (AAT Bioquest, 2022)

Intracellular calcium responses were measured with the aid of fura-2-acetoxymethyl
(fura-2 AM; Hello Bio, Bristol, UK): a dye that binds intracellular calcium (figure 2.3)

and can be quantified by wavelength emission measurements.

Fura-2 AM is an esterified form of Fura-2. The addition of the acetoxymethyl group
makes the charged molecule neutral, so that it becomes cell-membrane permeable.

Once Fura-2 AM enters the cell, esterases remove the acetoxymethyl group and Fura-
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2 is trapped within the cell allowing measurement of intracellular calcium (Martinez

et al.,, 2017 and Oakes et al., 1988).

In this assay Fura-2 is excited at wavelengths of 380nm and 340nm. Emission is
measured at 510nm and data is expressed as a ratio 340 versus 380nm. Ratiometric
measurement reduces effects of uneven dye loading, leakage of dye and unequal

thickness of cells (Thermofisher, 2017).

MIO-M1 cells were seeded in a 96-well plate coated with poly-D-lysine (Merck
Millipore, Watford, UK) at a density of 20, 000 cells per well. Preliminary experiments
advised seeding at this higher cell density to produce a reliable calcium response. The
cells were left for 1 day to attach. They were loaded with Hanks’ Balanced Salt
Solution (HBSS) buffer containing fura-2 AM at a concentration of 2uM for 1 hour.
The dye was removed and a running buffer of physiological saline (containing in mM:
NaCl 145.1; Hepes 10.0; D-glucose 13.0; KCI 2.0; CaCl; 2.0 and MgCl; 1.0, equilibrated
to pH 7.3 with 5M NaOH) was applied either in the presence or absence of purinergic

antagonists (table 2.2) at a concentration of 10uM.

Flexstation 3 (Molecular devices, Wokingham, UK) was used to maintain homeostatic
temperature, measure intracellular calcium from 0-300s and apply purinergic

agonists (table 2.2) at 30s.

The intracellular calcium response was analysed as total area under the curve and

peak response. Background fluorescence was corrected for.

2.8 Enzyme-linked immunosorbent assay (ELISA)
Protein release in response to treatment was evaluated using ELISA (BD Biosciences,

USA), a colorimetric assay. All materials were part of the kit unless stated otherwise.
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Any protein released is bound to capture antibody and detection antibody. The
complex binds horse-radish peroxidase (HRP) which interacts with the chromogenic
substrate 3,3’,5,5'-Tetramethylbenzidine (TMB) to produce a detectable colour

change that can be quantified by wavelength absorbance measurements.

The 96-well ELISA plate (Nunc) was coated with anti-human IL-1B or anti-human IL-
10 capture antibody in coating buffer. The coated plate incubated at 4°C for 12h. The
plate was washed 3 times with well wash buffer. The plate was blocked with 200
ul/well of assay diluent and incubated at room temperature for 1 hour. After another
wash stage, a standard curve of 100 ul/well human IL-1 or human IL-10 at
concentrations of 0.0-250.0pg/mL or 0.0-300.0pg/mL respectively was added to the
plate. 100 pl/well of each sample and a control were added to the plate. The plate
was incubated at room temperature for 2h. After another wash stage, 100ul/well of
detection antibody in assay diluent was added to the plate and it was incubated at
room temperature for 1h. After another wash stage, 100ul/well of enzyme reagent
containing HRP in assay diluent was added to the plate and it was incubated at room
temperature for 30 min. After another wash stage, 100ul/well of TMB was added to
the plate and it was incubated at room temperature for 30 min in the dark. 50uL/well
of Sulphuric acid at 2M was added to the plate to stop the chromogenic reaction.
Absorbance at a wavelength of 450nM was measured using the FLUOstar Omega
plate reader. Background readings were adjusted for. Concentration of protein

release was expressed relative to the standard curve of known concentrations.

2.9 Statistical analysis
Data was expressed as mean * standard error of the mean (SEM). Significance was
evaluated using GraphPad Prism 8 software (GraphPad Software, California, USA).
When two dependent groups were compared, significance was assessed using
Student’s T-test. When data of three or more groups were compared, significance
was assessed using one-way analysis of variance (ANOVA) or two-way ANOVA in
combination with post-hoc testing. One-way ANOVA was used when there was one

independent variable, whilst two-way ANOVA was used when there were two
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independent variables. One-way ANOVA was used in combination with Dunnett’s
post-hoc test for comparison against a control group, or Tukey’s post hoc test for
comparison against all groups. Two-way ANOVA was used in combination with
Bonferroni’s post-hoc test to correct for type | errors made more likely with multiple
comparisons. The null hypothesis was rejected, and the data determined to be

statically significant, if the probability (p) value was less than 0.05 (p<0.05).
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Chapter 3: Purinergic P2-receptors in the Human Miiller Cell

3.1 Introduction
The purpose of this research is to identify the P2 receptor profile in the human Miiller
cell. Identification of P2 receptors in Miiller cells has been partially performed in
several species: there is significant interspecies variation so findings cannot be
extrapolated across species (table 3.1). Some work has been completed on
identifying particularly the P2Y receptors and P2X7R in human Miiller cells (1.3.4.1

Purinergic signalling and Miiller cells and table 3.1), however the full set of P2

receptors have yet to be investigated.

Species P2 Receptor mRNA P2 Receptor Calcium P2 Receptor
Responses Imaging
Human P2Y1R, P2Y2R, P2Y4R, P2Y1R, P2Y2R and/or P2Y.R, P2X7R?%3
P2Y6R'and P2X7R? P2YeR! and P2X7R?%3
Rat P2Y1R, P2Y2R, P2Y4R, P2Y1R® P2Y:R and
P2Y6R* P2X3R, P2X4R and P2Y4R®
P2X5R°
Mouse P2Y1R’
Guinea Pig P2Y1R, P2Y:R, and P2Y.R®
Rabbit P2Y1R°&1° P2Y,R° and/or
P2Y.iR®

1. Fries et al., 2005; 2. Pannicke et al., 2000; 3. Bringmann et al., 2002; 4.Fries et al., 2004; 5. Jabs et al., 2000; 6. Wurm et al.,

2009; 7. Lipp et al., 2009; 8.Weick et al., 2005; 9.Uhimann et al., 2003; 10. Uckermann et al., 2002

Table 3.1: P2 Receptor Expression in Muller cells in Different Species

As shown in the table above P2 receptor identification in a cell usually involves a
combination of demonstrating: (i) gene expression (ii) protein evidence (iii)

functionality.

Agonist binding at P2 receptors causes a change in intracellular Ca%* concentration
(1.4.2 Purinergic calcium responses in the Miiller cell) that can be illustrated by
calcium microfluorimetry techniques (2.7 calcium microfluorimetry).  Calcium
imaging can be a useful way of demonstrating that a P2 receptor expressed in a cell

is functional, although it does not tell us the functions of the receptor in that cell.
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Calcium imaging of a specific P2 receptor subtype is derived by using specific receptor
agonists or antagonists. These are described briefly below and listed in table 3.2.
Early work, described above, on identifying P2 receptors in Miller cells was limited
by lack of specific P2 receptor subtype agonists and antagonists available at that time.
Additionally, research interest was primarily focused on P2Y1R, P2Y;R, P2Y4R, P2YsR
and P2X7R.

ATP, ADP, UTP, UDP and UDP-glucose are endogenous agonists binding at orthosteric
sites in P2 receptors. Endogenous agonists usually activate multiple receptor
subtypes with differing binding affinities and potencies at each one (1.3.2
Mechanisms of nucleotide release and breakdown and table 3.2). ATP is the
preferential agonist at all P2X receptors (P2X1R pECsp 7.3; P2X2R pECso 5.9; P2X3R
pECs0 6.5 Jacobson, 2018; P2X4R pECso 7.4 Stokes et al., 2019; P2X5R pECso 6.0; P2X7R
pPECso 4.0 Jacobson, 2018), P2Y2R (pECso 7.07) and P2Y11R (pECso 4.77). ATP also
activates P2Y1R, P2Y4R and, with less potency, P2YeR (Jacobson and Miiller, 2016 and
Fields and Burnstock, 2006). Notably ATP only activates the P2X7R at higher
concentrations (1.3.3.7 P2X7 receptor). ADP is an agonist at P2YiR (pECso 5.09),
P2Y12R (pECso 7.22) and P2Y13R (pECso 7.94); the P2Y1R is preferentially activated by
ADP over ATP (Jacobson and Miller, 2016 and Burnstock, 2007). UTP is the
preferential agonist at P2Y4R (pECso 5.60). UTP is equipotent to ATP at P2Y;R (pECso
8.10), also with a greater potency than ATP it activates the P2YsR. UDP is the most
potent agonist at the P2Y¢R (pECso 6.52) and P2Y14R (Carter et al., 2009). UDP-sugars
only activate the P2Y14R (e.g. UDP-glucose pECso 6.45; Chambers et al., 2000).

Synthetic agonists are most commonly derivatives of endogenous nucleotides that
are modified to alter properties such as stability. Similar to the endogenous ligand
they are often non-specific activating multiple P2-receptors. Common ATP derived
synthetic agonists include adenosine 5'-0O-(3-thio)triphosphate (ATPyS) and BzATP.
ATPyS is modified with a y-thiophosphate group substitution increasing its stability
(Malmsjo et al., 2003); it is an agonist at several P2-receptors including: P2X2R,
P2X5R, P2YiR, and P2Y11R (Jacobson, 2009 and Waldo and Harden, 2004). BzATP is
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modified with additions at the ribose ring, it is partially selective acting at P2X1R,
P2X3R, P2X4R (Stokes et al., 2017) and P2X7R. It is commonly used as a selective
agonist for the P2X7R as it is ten times more potent than ATP at this receptor,
however it has the highest binding affinity for the P2X1R (Syed and Kennedy, 2011
and Zhong et al.,, 1998). MRS 2690 is an UDP-glucose derivative and like the
endogenous ligand a selective agonist at the P2Y14R. Modifications increase potency

by seven-fold at the P2Y14R (Ko et al., 2007).

Although there are several endogenous agonists at P2 receptors, there are very few
endogenous antagonists (table 3.2). The first synthetic P2 receptor antagonists
developed were moderately potent and non-selective: suramin, reactive blue 2 (RB2),
pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid (PPADS) and iso-
pyridoxalphosphate-6-azophenyl-2’,4'-disulfonic  acid (isoPPADS). Suramin
antagonises most P2XR at micromolar concentrations except the P2X7R which
requires higher concentrations (Jacobson, 2018). PPADs is a non-competitive pan-
antagonist, it is slow to antagonise and reverse. It has low sensitivity for P2X7R and
is insensitive at the P2X4R (Jacobson and Miller, 2016). The use of these compounds

in the most part has been replaced by selective antagonists.

Most specific P2R antagonists are synthesised to have a nucleotide-structure. Nearly
all compete with the endogenous agonist to bind reversibly at the orthosteric site at
their target P2 receptor (Jacobson, 2018). P2X1R antagonists are structural
derivatives of the pan-antagonist suramin, of these NF 449 has the highest potency
(Kassack et al., 2004). The P2X2R antagonist NF770 is similarly a suramin derivative,
whilst PSB-1011 is a structural derivative of RB2. Several P2X3R antagonists have
been derived from the antibiotic trimethoprim, acting at allosteric binding sites on
the receptor (Jacobson and Miiller, 2016). Notably the P2X3R has an endogenous
antagonist spinorphrin. Spinorphrin is a non-classical opioid that like the P2X3R and
P2X1/3R is highly localised in the spinal cord, mitigating the effects of the receptor in
neuropathic pain (1.3.3.3 P2X3 receptor; Jung et al., 2007). Common P2X4R
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antagonists include: PSB-12054, BX-430 and 5-BDBD. PSB 1204 is the most potent
P2X4R antagonist, it displays 30 to 50-fold selectivity for this receptor over other
P2XR subtypes. PSB 1204 binds at an allosteric site at the P2X4R. 5-BDBD is a
benzodiazepine derivative and BX-430 is a urea-derivative that binds at an allosteric
site. 5-BDBD and BX-430 are both moderately potent at the P2X4R (Jacobson and
Miller, 2016). Several P2X7R antagonists have been developed that bind either at
the orthosteric or allosteric site. P2X7R antagonists binding at the orthosteric site are:
(i) ATP derivatives e.g. oATP; (ii) suramin or suramin-derivatives; (iii) tetrazole
derivatives e.g. A438079 or (iv) cyanoguanidine derivatives e.g. A740003. Tetrazole
and cyanoguanidine derivatives have the highest potency and selectivity for the
P2X7R (Savio et al., 2018). P2X7R antagonists binding at the allosteric site include:
BBG, KN-62 and AZ-10606120. Some of the antagonists acting at the allosteric site at
the P2X7R also act at allosteric sites of other P2X receptors e.g. BBG also antagonises

P2X1R and P2X4R (Savio et al., 2018).

Selective P2Y1R antagonists are broadly: (i) nucleotide derivatives e.g. MRS 2179 or
(ii) urea derivatives e.g. 1-(2-(2-(tert-butyl)phenoxy)pyridin-3-yl)-3-(4-
(trifluoromethoxy)phenyl)urea (BPTU). MRS 2179 competitively binds at the P2Y4R
orthosteric site inducing structural modifications that prevent activation (Baurand
and Gachet, 2003). Selective P2Y;R antagonists are comparatively limited, AR-
C1189251XX is a uracil-derivative that binds to the receptor with the greatest affinity
(Jacobson and Miiller, 2016). There are no selective antagonists for the P2Y4R. Several
UDP-derived synthetic antagonists act at the P2YgR, however of these MRS 2578 is
the only selective antagonist. P2Y11R antagonists NF 157 and NF 340 are suramin-
derivatives. The P2Y12R is the subject of intense research due to its role in platelet
aggregation. Many P2Y12R antagonists have been developed due to their therapeutic
use as anti-platelet agents (1.3.5 therapeutic potentials of purinergic agents in
disease). There are four classes of P2Y12R antagonists: B,y-dihalomethylene bridged
5'-triphosphate mimics (e.g. Cangrelor); uncharged nucleotide like derivatives (e.g.

ticagrelor); sulfonated anthraquinone derivatives (e.g. PSB-0739) and uncharged
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heterocycles (e.g. AZD 1283). The only selective antagonists at the P2Y13R is MRS 211

and at the P2Y14R is PPTN (Jacobson and Miiller, 2016).

P2
Receptor

P2X1R

P2X2R

P2X3R

P2X4R

P2X5R

P2X6R
P2X7R

P2YiR

P2Y:R

P2Y4sR

P2YeR

Agonist(s)

BzATP > By-methylene-adenosine 5'-
triphosphate (L-By-meATP) > a,3-methylene
ATP (a,B-meATP) = ATP = 2-
Methylthioadenosine triphosphate (2-
MeSATP) and p-aminophenylethylthio-ATP
(PAPET-ATP)

ATP > ATPyS > 2-MeSATP >> a,B-meATP,
a,B-difluoromethylene-ATP (B,y-CF2ATP)
BzATP > 2-MeSATP > ATP > a,B-meATP =
diadenosine tetraphosphate (ApsA), PAPET-
ATP
ATP > a,B-meATP, cytidine triphosphate
(CTP), BzATP

ATPyS, ApsA, guanosine-5'-triphosphate
(GTP)

Antagonist(s)

2',3'-0-(2,4,6-Trinitrophenyl)-ATP (TNP-
ATP), Diinosine pentaphosphate (Ipsl),
NF023, NF449

Suramin, RB2, NF770, isoPPADS, PSB-
1011, NF778, aminoglycosides
TNP-ATP, isoPPADS, A317491, NF110,
RN-1838, spinorphrin, AF353

PSB 12054, BX 430, TNP-ATP, BBG,
paroxetine, 5-BDBD, carbon monoxide
donor 2 (CORM 2), phenolphthalein
Suramin, PPADS, BBG

Does not function as homomultimer

BzATP > ATP > 2-MeSATP > o,f-meATP

MRS2365 > 2-Methylthioadenosine
diphosphate trisodium (2-MeSADP) =
adenosine pentaphosphate y-
boranophosphate (Ap5yB) >> Adenosine 5'-
(B-thio)-diphosphate (ADPBS) > ADP > 2-
MeSATP = ATP
MRS2500 > MRS2279 > MRS2179, PIT

MRS 4062, 2'-azido-dUTP > Uridine-5'-(y-
thio)-triphosphate (UTPyS), UTP > ATP >
Ap4A, uridine adenosine tetraphosphate
(UpaU)
MRS2693 > uridine 5'-O-thiodiphosphate
(UDPBS), PSB-0474 > INS48823, UpsU >>
UDP > UTP >> ATP, a,-meUDP

KN62, KN04, MRS2427, BBG, oxidised
ATP (0o-ATP), decavanadate, A-804598,
RN-6189, AZD-9056, AZ10606120,
A740003, A-438079, GSK-1370319
MRS2500 > MRS2279 > MRS2179, 2,2'-

pyridylisatogen tosylate (PIT), Adenosine-
3'-phosphate-5' -phosphosulfate (A3P5P)

AR-C1189251XX, AR-C126313 > suramin
> RB2, PSB-716, MRS2576
ATP > RB2 > suramin, MRS2577, PPADS

MRS2578 > RB2, PPADS, MRS2567,
MRS2575

Table 3.2: P2 Receptors Agonists and Antagonists (page 1 of 2)

Common natural (blue) and synthetic (red) agonists and antagonists at the P2 receptors.
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P2 Agonist(s) Antagonist(s)
Receptor
P2Y11R ATPyS > AR-C67085MX > BzATP = ATP, NF157 > suramin > RB2, Adenosine 5'-O-
NF546, Nicotinamide adenine dinucleotide thiomonophosphate (5’-AMPS), NF340
(NAD+), nicotinic acid adenine dinucleotide
phosphate (NAADP)
P2Y12R 2-MeSADP > ADP > ATP, ADPf3S PSB 0739, Ticagrelor, AR-C69931MX >
AZD6140, INS50589 > RB2 > 2-

Methylthio-AMP triethylammonium (2-

MeSAMP), AR-C66096, CT50547, PSB-

0413, carba-nucleosides, MRS2395, AR-

C67085
P2Y13:R ADP = 2-MeSADP > 2-MeSATP, ATP AR-C69931MX > AR-C67085 > MRS2211,
2-MeSAMP
P2Y1sR MRS2690 > UDP > UDP-glucose = UDP- PPTN hydrochloride

galactose, UDP-glucosamine
Table 3.2: P2 Receptors Agonists and Antagonists (page 2 of 2; adapted from: Jacobson and Miiller,

2016; Burnstock, 2014; Barrett et al., 2013 and Syed and Kennedy, 2011)

Common natural (blue) and synthetic (red) agonists and antagonists at the P2 receptors.

3.2 Results

3.2.1 P2 Receptor mRNA expression in MIO-M1 cells
To identify P2 receptor gene expression in MIO-M1 cells RT-gPCR to detect mRNA for

all the P2 receptor subtypes was performed (2.4 Reverse transcription quantitative

polymerase chain reaction).

MIO-M1 cells expressed mRNA for all P2 receptors except P2X1-3R, P2Y6R and
P2Y11R (table 39).
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P2-receptor CT value + SEM

P2X1R Not detected
P2X2R Not detected
P2X3R Not detected
P2X4R 27.1+£0.3
P2X5R 34.0+0.2
P2X6R 28.4+0.3
P2X7R 29.1+£0.5
P2Y1R 28.6 + 0.5
P2Y2R 29.7+ 0.6
P2Y4R 30.6 +0.9
P2Y6R Not detected
P2Y11R Not detected
P2Y12R 30.3+1.0
P2Y13R 31.4+1.2
P2Y14R 31.3+0.9

Table 3.3: P2 receptor mRNA expression in MIO-M1 cells (n=3)

RT-qPCR to detect mRNA for all the P2 receptor subtypes in MIO-M1 cells was performed. mRNA was
detected for P2X4-7R, P2Y1R, P2Y2R, P2Y4R and P2Y12-14R. No mRNA was detected for P2X1-3R,
P2Y6R and P2Y11R. Data is mean £ SEM.

3.2.2 P2 receptor mRNA expression in MIO-M1 cells relative to primary human
retinal tissue
P2 receptor expression varies across human retinal cells (1.3.4 Purinergic signalling

in the retina). In order to compare the expression of the P2 receptor profile in MIO-
M1 cells to human retinal tissue, RT-qPCR to detect mRNA for all P2 receptor
subtypes was also performed on homogenised retinal tissue (2.2 Enzymatic
Dissociation of Human Retinal Tissue and 2.4 Reverse transcription quantitative

polymerase chain reaction).

MIO-M1 cells had enriched mRNA expression of P2X4R, P2X7R and P2Y4R relative to
human retinal tissue. Enriched expression of P2X7R and P2Y4R in MIO-M1 cells was

statistically significant compared with primary human retinal tissue (graph 3.1).
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Graph 3.1: Fold change expression of P2 receptors on MIO-ML1 cells relative to primary human retina

(n=3)

RT-qPCR to detect mRNA for all the P2 receptor subtypes in MIO-M1 cells and human retinal tissue
was performed. Shown is the fold change in Ct value for each P2 receptor subtype in MIO-M1 cells
over human retinal tissue. MIO-M1 cells had an enriched expression of P2X7R and P2Y4R which was
statistically significant (*). Data is mean = SEM. Statistical analysis with two-way ANOVA Bonferroni’s

post-hoc.

3.2.3 P2 receptor calcium responses in MIO-M1 cells
MIO-M1 cells were shown to express mRNA for P2X4-7, P2Y1, P2Y,, P2Y4, P2Y12, P2Y13

and P2Y1a4 receptors (3.2.1 P2 Receptor mRNA expression in MIO-M1 cells). Calcium

microfluorimetry was performed to determine if these receptors were functional.

P2 receptors were stimulated with non-specific agonists and receptor-specific
agonists to see if a calcium response could be generated. Pan-antagonists and
receptor-specific antagonists were used to see if these calcium responses could be
inhibited. Utilising agonist and antagonist combinations, functional evidence for

individual P2 receptors was obtained.
MIO-M1 cells were pre-treated with selective purinergic antagonists PSB 12054, 5-
BDBD, BX 430 (all P2X4R), AZ10606120, A740003 (both P2X7R), MRS 2179 (P2Y1R),

AR-C118925XX (P2Y3R), PSB 0739 (P2Y12R), MRS2211 (P2Y13R) and PPTN (P2Y14R) at
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10uM. Pre-treatment with the pan-antagonist suramin was also used to inhibit the

P2Y4R (2.3 Agonists and Antagonists and table 3.2).

Purinergic agonists ATP (0.01-10,000 uM; P2X4R, P2X7R, P2Y;R and P2Y1iR), ADP
(0.01-1000uM; P2Y:1R, P2Y12R and P2Y13R), UTP (0.01-1000uM; P2Y2R and P2Y4R),
UDP (0.01-1000uM; P2Y6R) and UDP-glucose (0.01-1000uM; P2Y14R) were applied to
MIO-M1 cells and the intracellular calcium response measured. Specific synthetic
purinergic agonist BzATP (10-3000uM; P2X4R and P2X7R) and was used to elicit

responses from specific P2 receptors.

In MIO-M1 cells ATP-Ca?* response was maximal at ATP 100uM, with ECsp 0.7puM
(graph 3.2A & B). ADP induced a maximal response at 1uM, with ECs00.2uM (graph
3.2 B & C); UTP had a maximal response at 1000uM, with ECso 274.7uM (graph 3.2 D
& E); UDP had a maximal response at 1000uM, with ECsp 2.8uM (graph 3.2 F & G) and
UDP-glucose had a maximal response at 1000uM, with ECs0361.7uM (graph 3.2 H &
[). Of the natural P2 receptor ligands ADP was the most potent agonist at MIO-M1
cells. Synthetic agonist BzATP induced a maximal response at 300uM, with an ECsg

57.3uM (graph 3.2 K & L).
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Graph 3.2: Purinergic agonist induced Ca +response in MIO-ML1 cells (n=4; page 2 of 3)
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Graph 3.2: Purinergic agonist induced Ca2+ response in MIO-M1 cells (n=4; page 3 of 3)

Endogenous purinergic agonists (ATP 0.01-10,000 pM, dark blue; ADP 0.01-1000 uM, dark purple; UTP
0.01-1000 uM, dark red; UDP 0.01-1000 uM, brown and UDP-glucose 0.01-1000 uM, dark pink) and
synthetic purinergic agonist (BzATP 10-3000uM, dark green) were applied to MIO-M1 cells and the
intracellular calcium concentration was measured by calcium microfluorimetry (fura-2 AM ratio
340/380nm). Data is illustrated as: (A, C, E, G, | and K) peak calcium response at each purinergic
agonist concentration; (B, D, F, H, J and L) dose response curve of purinergic agonist concentration (x)
and area under the curve calcium response (0-300s; y). There is a dose-dependent relationship with
increasing purinergic agonist concentration causing increased intracellular calcium concentration: ATP
induces a maximal response at 100uM (A) and the ECso 0.7uM (95% Cl: 0.3-1.4uM, B); ADP induces a
maximal response at 10uM (C) and the ECso 0.2puM (95% Cl: 0.1-0.4 uM, D); UTP induces a maximal
response at 1000uM (E) and the ECso 274.7uM (95% Cl: 92.9-812uM, F); UDP induces a maximal
response at 1000uM (G) and the ECso 2.8M (95% Cl: 0.2-28.1uM, H); UDP-glucose induces a maximal
response at 1000uM (1) and the ECso 361.7uM (95% Cl: 75.3-1736uM, J) and BzATP induces a maximal
response at 300uM (K) and the EC,,is57.3uM (95% Cl: 6.1-538uM, L). (A-L) baseline fluorescence was

recorded for 30s prior to purinergic agonist stimulation and then subtracted from the raw data. Data
is expressed as mean + SEM. (A, C, E, G, I and K) statistical significance (P<0.05) calculated by one-way
ANOVA and Dunnett’s post-hoc (*). (B, D, F, H, J and L) statistical analysis with non-linear regression

analysis.

The different receptor subtypes were then investigated in more detail. Since there
was no expression of P2X1-3, the first to be investigated was P2X4. ATP and BzATP
were used as agonists for the P2X4R. ATP induced calcium response in MIO-M1 cells
was not inhibited by 10uM PSB 12054 (P2X4R antagonist; graph 3.3 A). Similarly,
BzATP induced calcium response in MIO-M1 cells was not inhibited by 10uM PSB
12054, 5BDBD or BX 430 (all P2X4R antagonists; graph 3.3 B, C and D respectively).
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Graph 3.3: Purinergic agonist induced Caz+ response in MIO-M1 cells pre-incubated with P2X4R
antagonists (n=4; page 1 of 2)

Purinergic agonists (ATP 0.01-1000uM, dark blue; BzATP 10-3000uM, dark green) were applied to
MIO-M1 cells that were either untreated or pre-treated with 10uM P2X4R antagonist (PSB 12054,
turquoise; 5-BDBD, turquoise check or BX 430, turquoise stripe) and the intracellular calcium
concentration was measured by calcium microfluorimetry (fura-2 AM ratio 340/380nm). Data is
illustrated as: (A) area under the curve calcium response (0-300s; y) and (B - D) peak calcium response

at each purinergic agonist concentration.
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Graph 3.3: Purinergic agonist induced Ca2+ response in MIO-M1 cells pre-incubated with P2X4R
antagonists (n=4; page 2 of 2)

ATP or BzATP induced calcium responses in MIO-M1 cells that were not inhibited by any of the P2X4R
antagonists used. Baseline fluorescence was recorded for 30s prior to purinergic agonist stimulation
and then subtracted from the raw data. Data is expressed as mean + SEM. Statistical significance

(P<0.05) calculated by two-way ANOVA Bonferroni’s post-hoc (*).

P2X5R and P2X6R calcium microfluorimetry experiments were not performed due to
respectively, the lack of a selective antagonist and the receptor not functioning as a
homomultimer. The next receptor investigated for functional expression via calcium
microfluorimetry imaging was the P2X7R. ATP and BzATP were used as agonists at
the P2X7R. Only the highest concentration of ATP (1000uM) induced a calcium
response that was significantly antagonised by 10uM AZ10606120 (P2X7R
antagonist; graph 3.4 A). At all concentrations of BzATP (10-1000uM) calcium
responses were fully antagonised with 10uM AZ10606120 and A438079 (P2X7R
antagonists; graph 3.4 B and C respectively): this antagonism was insurmountable

even at highest BzATP concentrations.
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Graph 3.4: Purinergic agonist induced Caz+ response in MIO-M1 cells pre-incubated P2X7R
antagonists (n=4, page 1 of 2)
Purinergic agonists (ATP 0.01-1000uM, dark blue; BzATP 10-1000uM, dark green) were applied to
MIO-M1 cells that were either untreated or pre-treated with 10uM P2X7R antagonist (AZ10606120,
pink or A438079, pink check) and the intracellular calcium concentration was measured by calcium
microfluorimetry (fura-2 AM ratio 340/380nm). Data is illustrated as: (A) area under the curve calcium
response (0-300s; y) and (B & C) peak calcium response at each purinergic agonist concentration. (A)
there was no antagonism of the calcium response with AZ10606120 at lower concentrations of ATP
(0.01-100uM), however there was significant antagonism at the highest concentration of ATP
(1000uM). (B & C) by contrast all concentrations of BzATP were antagonised by AZ10606120 and
A438079, but this was only significant for higher concentrations of BzZATP (100-1000uM) where there

was a greater calcium response.
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Graph 3.4: Purinergic agonist induced Ca2+ response in MIO-M1 cells pre-incubated P2X7R
antagonists (n=4, page 1 of 2)

Baseline fluorescence was recorded for 30s prior to purinergic agonist stimulation and then subtracted
from the raw data. Data is expressed as mean + SEM. Statistical significance (P<0.05) calculated by

two-way ANOVA Bonferroni’s post-hoc (*).

ADP and ATP were used as agonists at the P2Y1R. ADP, the preferential agonist at the
P2Y4R (3.1. introduction) was antagonised by 10uM MRS 2179 (P2Y1R antagonist)
with a clear shift of the dose response curve to the right (graph 3.5 B). Similarly, ATP
was partially antagonised by 10uM MRS 2170 with the dose response curve also

shifted to the right (graph 3.5 D), antagonism was significant at 1uM ATP.
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Graph 3.5: Purinergic agonist induced Ca2+ response in MIO-ML1 cells pre-incubated with MRS 2170
(P2Y1R antagonist; n=4, page 1 of 2)

Purinergic agonists (ADP 0.01-1000uM, purple; ATP 0.01-1000uM, dark blue) were applied to MIO-M1
cells that were either untreated or pre-treated with 10uM MRS 2179 (P2Y1R antagonist, yellow) and
the intracellular calcium concentration was measured by calcium microfluorimetry (fura-2 AM ratio
340/380nm). Data is illustrated as: (A and C) area under the curve calcium response (0-300s) at each
purinergic agonist concentration; (B and D) dose response curve of purinergic agonist concentration
(x) and area under the curve calcium response (0-300s; y). (A & B) ADP seemed to be partially
antagonised by MRS 2179 with the dose response curve shifting to the right, however this was not
statistically significant. (C & D) ATP was partially antagonised by MRS 2170 with the dose response

curve shifted to the right, antagonism was significant at 1uM ATP. (A-D)
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Graph 3.5: Purinergic agonist induced Ca2+ response in MIO-M1 cells pre-incubated with MRS 2170
(P2Y1R antagonist; n=4, page 2 of 2)

Baseline fluorescence was recorded for 30s prior to purinergic agonist stimulation and then subtracted
from the raw data. Data is expressed as mean + SEM. (A and C) statistical significance (P<0.05)
calculated by two-way ANOVA Bonferroni’s post-hoc (*). (B and D) statistical analysis with non-linear

regression analysis.

ATP and UTP were used as agonists at the P2Y;R. ATP or UTP induced calcium
response in MIO-M1 cells was not inhibited by 10uM AR-C118925XX (P2Y2R
antagonist; graph 3.6 A and B).
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Graph 3.6: Purinergic agonist induced Caz+ response in MIO-M1 cells pre-incubated with AR-
C118925XX (P2Y2R antagonist; n=4)

Purinergic agonists (UTP 0.01-1000uM, dark red; ATP 0.01-1000uM, dark blue) were applied to MIO-
M1 cells that were either untreated or pre-treated with 10uM AR-C118925XX (P2Y2R antagonist;
orange) and the intracellular calcium concentration was measured by calcium microfluorimetry (fura-
2 AM ratio 340/380nm). Data is illustrated as area under the curve calcium response (0-300s). ATP or
UTP induced calcium response in MIO-M1 cells was not inhibited by AR-C118925XX. Baseline
fluorescence was recorded for 30s prior to purinergic agonist stimulation and then subtracted from
the raw data. Data is expressed as mean + SEM. Statistical significance (P<0.05) calculated by two-way

ANOVA Bonferroni’s post-hoc (*).
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UTP was used as an agonist at the P2Y4R. UTP 1000uM was significantly antagonised
by 10uM Suramin (pan-antagonist; graph 3.7).
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Graph 3.7: UTP induced Caz+ response in MIO-ML1 cells pre-incubated with suramin (pan-antagonist;
n=4)

UTP (0.01-1000uM, dark red) was applied to MIO-M1 cells that were either untreated or pre-treated
with 10uM suramin (pan-antagonist used as a P2Y4R antagonist, grey) and the intracellular calcium
concentration was measured by calcium microfluorimetry (fura-2 AM ratio 340/380nm). Data is
illustrated as area under the curve calcium response (0-300s). UTP 1000uM was significantly
antagonised by suramin. Baseline fluorescence was recorded for 30s prior to UTP stimulation and then
subtracted from the raw data. Data is expressed as mean + SEM. Statistical significance (P<0.05)

calculated by two-way ANOVA Bonferroni’s post-hoc (*).
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ADP was used as an agonist at the P2Y1;R. ADP 1000uM was significantly inhibited
by 10uM PSB 0739 (P2Y12R antagonist; graph 3.8).
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Graph 3.8: ADP induced Ca2+ response in MIO-M1 cells pre-incubated with PSB 0739 (P2Y12R; n=4)

ADP (0.01-1000uM, purple) was applied to MIO-M1 cells that were either untreated or pre-treated
with 10uM PSB 0739 (P2Y12R antagonist, turquoise), and the intracellular calcium concentration was
measured by calcium microfluorimetry (fura-2 AM ratio 340/380nm). Data is illustrated as area under
the curve calcium response (0-300s). ADP 1000uM induced calcium response in MIO-M1 cells was
significantly inhibited by PSB 0739. Baseline fluorescence was recorded for 30s prior to ADP
stimulation and then subtracted from the raw data. Data is expressed as mean * SEM. Statistical

significance (P<0.05) calculated by two-way ANOVA Bonferroni’s post-hoc (*).
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ADP was used as an agonist at the P2Y13R. ADP induced calcium response in MIO-M1
cells was not antagonised by 10uM MRS 2211 (P2Y13R antagonist; graph 3.9).
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Graph 3.9: ADP induced Caz+ response in MIO-M1 cells pre-incubated with MRS 2211 (P2Y13R; n=4)

ADP (0.01-1000uM, purple) was applied to MIO-M1 cells that were either untreated or pre-treated
with 10uM MRS 2211 (P2Y13R antagonist, lilac) and the intracellular calcium concentration was
measured by calcium microfluorimetry (fura-2 AM ratio 340/380nm). Data is illustrated as area under
the curve calcium response (0-300s). ADP induced calcium response was not antagonised by MRS
2211. Baseline fluorescence was recorded for 30s prior to ADP stimulation and then subtracted from
the raw data. Data is expressed as mean + SEM. Statistical significance (P<0.05) calculated by two-way

ANOVA Bonferroni’s post-hoc (*).
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Synthetic agonist MRS2690 (0.01-1000uM; P2Y14R) was used to elicit a response from
P2Y14Rs, there is a dose-dependent relationship with increasing MRS2690
concentration causing increased intracellular calcium concentration. MRS2690 had
a maximal response at 1000uM, with an EC50 124uM (graph 3.10 A & B). UDP-
glucose and MRS 2690 calcium responses were significantly inhibited by PPTN (P2Y14R
antagonist; graph 3.10 C & D).
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Graph 3.10: Purinergic agonist induced Ca ' response in MIO-M1 cells pre-incubated with PPTN
(P2Y14R antagonist; n=4, page 1 of 2)
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Graph 3.10: Purinergic agonist induced Ca2+ response in MIO-M1 cells pre-incubated with PPTN
(P2Y14R antagonist; n=4, page 2 of 2)

Purinergic agonists (UDP-glucose 0.01-1000uM, pink; MRS 2690 0.001-10 uM, pink pattern) were
applied to MIO-M1 cells that were either untreated or pre-treated with 10uM PPTN (P2Ywu4R
antagonist, brown) and the intracellular calcium concentration was measured by calcium
microfluorimetry (fura-2 AM ratio 340/380nm). Data is illustrated as: (A) peak calcium response; (B)
dose response curve and (C & D) area under the curve calcium response (90-300s) at each purinergic
agonist concentration. MRS 2690 induces a maximal response at 1000uM (A) and the EC50 124uM
(95% Cl: 0.5-2932uM, B). UDP-glucose and MRS 2690 induced calcium responses were significantly
inhibited by PPTN. Baseline fluorescence was recorded for 30s prior to purinergic agonist stimulation
and then subtracted from the raw data. Data is expressed as mean + SEM. Statistical significance
(P<0.05) calculated by: (A) one-way ANOVA and Dunnett’s post-hoc (*); (B) statistical analysis with

non-linear regression analysis and (C & D) two-way ANOVA Bonferroni’s post-hoc (*)

3.3 Discussion

3.3.1 P2X7, P2Y,, P2Y,4, P2Y1; and P2Y14 are functional receptors on human Miiller
cells.
PCR results show mRNA evidence for P2X4R, P2X5R, P2X6R, P2X7R, P2Y1R, P2Y2R,

P2Y4R, P2Y12R, P2Y13R and P2Y14R. PCR results show no mRNA evidence for P2X1R,
P2X2R, P2X3R, P2Y6R and P2Y11R (table 3.3). There is no published evidence of PCR
experiments to detect PX1-6R mRNA in any species of Miiller cell, so presented here
is evidence for the first time that P2X1-3R mRNA are not present and P2X4-6R mRNA
are present in the human Miiller cell. Evidence for P2X7R and P2Y1-4R confirms what
has already been detected in human and rat species by other groups (table 3.1; Fries
et al., 2005 and 2004 and Pannicke et al., 2000). Conversely, presented research
provides contradictory evidence for P2Y6R mRNA which is not present in the MIO-
M1 model of human Miiller cells but previously detected by another group in human
and rat Miiller cells (Fries et al., 2005 and 2004). It is important to appreciate that
this difference may be attributable to: (i) differences in receptor expression in the
MIO-M1 cell immortalised cell line model (Carter and Shieh, 2010) (ii) a non-
functioning protein produced by a splice variant and (iii) receptor internalisation (Li
etal., 2018). There is no published evidence of PCR experiments to detect P2Y11-14R

mRNA in any species of Miiller cell, so presented here is evidence for the first time
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that P2Y11 mRNA is not present and P2Y12-14R mRNA are present in the human
Miiller cell. Comparative to human retinal tissue, levels of P2X4R, P2X7R and P2Y4R
mMRNA are relatively enriched, P2X4R and P2X7R significantly so (discussed further in
3.3.2 P2X7R and P2Y4R are enriched in human Miiller cells compared with human

retina).

Calcium microfluorimetry showed evidence for functioning P2X7R (graph 3.4), P2Y{R
(graph 3.5) and P2Y14R (graph 3.10). Pannicke et al., in 2000 also performed calcium
imaging experiments demonstrating evidence of a functioning P2X7R in human
Miller cells (figure 1.22). As previously discussed, the P2X7R has well determined
roles in inflammation, cell-death and the pathophysiology of glaucoma (1.2.5.1
Pathophysiology of glaucoma and purinergic signalling and 1.3.3.7 P2X7 receptor)
and the next chapters aim to investigate these in more detail. Calcium imaging
demonstrating a functioning P2Y1R in rat (Fries et al., 2004 and Wurm et al., in 2009)
and human (Fries et al., 2005) Miiller cells have previously been performed by other
groups. Previous experiments by these groups have shown that the P2Y{R mediates
the bulk of the purinergic calcium response in Miiller cells. Evidence presented as
part of this thesis corroborates the same, ADP was the most potent endogenous P2-
receptor agonist suggesting P2Y1R could be the dominant receptor in these cells
(3.3.3ADP is the most potent endogenous P2-receptor agonist at human Miiller cells).
The ATP evoked calcium response also seemed to act predominantly via P2YiR.
Presented for the first-time is strong evidence for a functioning P2Y14R in the human
retina (3.3.7 Endogenous agonist UDP-glucose and the synthetic agonist MRS 2690
activate the P2Y14R in human Miiller cells). Selective P2Y14R agonists and antagonists
have only recently become available perhaps accounting for the lack of publications
on its presence and role in the human retina. The P2Y14sR modulates leucocyte
function causing release of pro-inflammatory cytokines such as IL-8 (Sesma et al.,

2012 and Gao et al., 2013).
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There was some suggestive evidence for functioning P2Y4R (graph 3.7) and P2Y1;:R
(graph 3.8). Functional evidence for P2Y4R was limited due to a lack of commercially
available selective agonists or antagonists (discussed further in 3.3.6 UTP may
activate P2YsRs in human Miiller cells). Functional evidence for P2Y1;2R was not in
keeping with what has previously been described for this receptor: ADP activates the
P2Y12R at micromolar concentrations (Tozaki-Saitoh et al., 2017) however, as part of
this research it was only inhibited by PSB 0739 (P2Y12R antagonist) at millimolar
concentrations. It is the first time P2Y1;R has been detected in human Miller cells
and its role on these cells is yet to be determined. In other retinal glial cells the
P2Y12R is involved in immune functions by interacting with leukocytes causing

production and release of cytokines (Tozaki-Saitoh et al., 2017 and Cattaneo, 2015).

There was no evidence for functioning P2X4R (graph 3.3), P2Y;R (graph 3.6) and
P2Y13R (graph 3.9). Despite P2X4R mRNA expression and enrichment on human
Miiller cells, there was no functional evidence since ATP and BzATP evoked Ca?*
responses were not inhibited when tested with three specific P2X4R antagonists.
Similarly, although there was mRNA evidence for P2Y2R the UTP evoked Ca?*
response was not inhibited by specific P2Y;R antagonist suggesting this receptor does

not play a prominent role in these cells.

Calcium microfluorimetry experiments were not performed for P2X5R and P2X6R.
Although there was mRNA evidence for these receptors P2X5R has no specific agonist
or antagonist and therefore could not be distinguished in calcium imaging
experiments. P2X6R does not function as a homomer and also could not be

distinguished in calcium imaging experiments.

The above research contributes to our understanding of the functional P2-receptor
profile in the human Miiller cell, it does not identify where each P2-receptor subtype

is localised. In future immunohistochemistry experiments could be performed to
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identify this. Additionally, the only functional data that can be inferred is the
intracellular Ca%* concentration, however this is sufficient for characterising a

functional receptor profile in a cell line.

3.3.2 P2X7R and P2Y4R are enriched in human Miiller cells compared with human
retina
MRNA expression of P2X7R and P2Y4R are more highly expressed in Miiller cells

relative to retinal tissue. Ca?* imaging data previously described indicates that these
receptors are functional in Muller cells. P2X7Rs are already known to be more highly
expressed in glial cells. P2X7R functions include acting as a ‘danger sensor’ and IL-13
maturation and release (1.3.3.7 P2X7 receptor): any evidence of these roles of the

P2X7R in human Miiller cells will be investigated as part of this research.

3.3.3 ADP is the most potent endogenous P2-receptor agonist at human Miiller
cells.
All the endogenous ligands (ATP, ADP, UTP, UDP and UDP-glucose) induced dose-

dependent increases in intracellular calcium in human Miiller cells. The rank potency
was ADP>ATP>UTP>UDP>UDP-glucose. Adenine agonists (ATP and ADP) produced
sigmoid shape dose-response curves, whilst the uracil agonists (UTP, UDP and UDP-

glucose) did not reach a maximum response at the concentrations used.

The above research describes purinergic agonist potency in relation to intracellular
Ca®* concentration in human Miiller cells. Purinergic agonist potency for other
downstream effects e.g. interleukin production may not directly correlate with this.
Furthermore, in vivo endogenous nucleotides are short-lived and are rapidly
enzymatically degraded (1.3.2 Mechanisms of nucleotide release and breakdown) so
that the intracellular Ca?* responses are more promiscuous than those elicited in

vitro.
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3.3.4 ATP activates P2Y1Rs and with higher concentrations also activating P2X7Rs
in human Miiller cells.
The above results (graph 3.5) show that some of the ATP-Ca?* response in Miller cells

was attributable to activation of P2Y;1Rs (table 3.3 and graph 3.6). There was no
evidence P2X1-4 receptors contributed to the ATP-Ca?* response (table 3.3 and graph
3.3). P2X5R and P2X6R contribution to the ATP-Ca?* response could not be assessed,
there are no specific P2X5R agonists or antagonists and P2X6R does not form a
homomeric receptor. At the highest concentration of ATP (1ImM) the P2X7R was

activated and contributed to the ATP-Ca?* response (graph 3.4).

Wurm et al. in 2009 concluded that the P2YiR mediates the bulk of the ATP-Ca?*
response in Miller cells and that there is minimal contribution of other P2-receptor
subtypes, confirmed as part of this thesis research using MIO-M1 cells. Corroboration
of research findings between MIO-M1 cells and primary Miller cells helps validate
MIO-M1 cells as a useful tool for researching P2-evoked Ca?* responses. Miiller cells
exert their homeostatic functions via P2Y1R, it enables them to: (i) maintain their cell
volume and (ii) transfer ions and fluid from the extracellular space to the vitreous

body and blood vessels (Reichenbach and Bringmann, 2013).

ATP activated the P2X7R at millimolar concentrations, this is consistent with what has
already been published (Donnelly-Roberts et al., 2009; Bianchi et al., 1999 and
Surprenant et al., 1996). Endogenously, these represent ATP concentrations found
in inflammation; this is consistent with the theory that the P2X7R acts as a danger
sensor (Ferrari et al., 2006). The role of the P2X7R in human Miiller cells will be

investigated later as part of this research.

3.3.5 ADP activates P2Y1Rs and with higher concentrations also activating P2X12Rs
in human Miiller cells.
The ADP-Ca?* response in Miiller cells was attributable to activation of the P2Y1R and

at millimolar concentrations the P2Y1;R. There was no evidence P2Y13Rs contributed
to the ADP-Ca?* response (graph 3.9). As mentioned previously this is the first
evidence of functional P2Y12Rs in human Miiller cells (3.3.1 P2X7, P2Y1, P2Y4, P2Y12
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and P2Yi4 are functional receptors on human Miiller cells), however typically

micromolar concentrations of ADP activate P2Y1,Rs (Tozaki-Saitoh et al., 2017).

3.3.6 UTP may activate P2Y4Rs in human Miiller cells.
It is difficult to decipher how much of the ATP and UTP response is attributable to the

P2Y4R as a selective antagonist for this receptor is not commercially available. There
was significant antagonism with suramin (pan-antagonist) which is also antagonist at
other P2YRs: P2Y;R, P2Y4R and P2Y11R. Selective antagonist AR-C118925XX (P2Y2R
antagonist) did not distinguish any contribution of the P2Y:R to the UTP-Ca?*
response (graph 3.6) and there was no mRNA evidence for the expression of the
P2Y11R. It is reasonable to assume that suramin therefore may have antagonised any
P2Y4R contribution to the UTP-Ca?* response. UTP exhibits threshold dose-response
curve, this is probably why antagonism was only significant at millimolar

concentrations of UTP.

Purinergic signalling is a highly promiscuous system, with agonists activating many P2
receptors either directly or via enzymatic conversion to other nucleotide ligands.
Early pan-antagonists also act at several P2 receptors and are likely to have some
antagonistic action on other P2 receptors beyond what is reported. Taking these
factors into consideration suramin antagonism of the UTP-Ca?* response may not

necessarily be due to antagonism of the P2Y4R.

MRS 49062 is a selective agonist at the P2Y4R, in future its use could provide
confirmatory information on whether this receptor is functional in human Miiller

cells.

3.3.7 Endogenous agonist UDP-glucose and the synthetic agonist MRS 2690 activate
the P2Y14R in human Miiller cells.
UDP-glucose and MRS 2690 induced Ca?* responses only via the P2Y14R in human

Miiller cells (graph 3.10). UDP activates P2Ye¢R and P2Y14R. Although UDP-glucose is
specific for the P2Y14R, UDP has greater affinity for the P2Y14R than other receptors

(table 3.2). UDP was not used in conjunction with PPTN (P2Y14R antagonist) in this
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research, so the extent of P2Y14R contribution to the UDP-Ca?* response in human
Miiller cells could not be determined. However, it is probable that the UDP-Ca®*
response is predominantly produced by P2Y14R as there is no expression of P2YsR in

human Muller cells.

3.3.8 The synthetic agonist BzATP induced calcium responses selectively via the
P2X7R in human Miiller cells.
BzATP induced Ca?* responses only via the P2X7R in the human Miiller cell. BzATP is

also an agonist at P2X1R, P2X3R, P2X4R, P2Y11R, also to a lesser degree on P2X2R and
P2X6R (table 3.2). BzATP is unlikely to stimulate a Ca?* response via other P2-
receptors as the Ca®* response was completely antagonised by P2X7R antagonists.

BzATP is a selective P2X7R agonist in human Miller cells.

Pannicke et al in 2000 demonstrated functional evidence for the P2X7R on primary
human Miller cells, however, this evidence was less definitive as the BzATP induced
calcium response was antagonised by the non-selective antagonist suramin. Suramin
also antagonises P2X1-3, P2X5, P2Y; and P2Ya4.1; receptors (table 3.2), therefore there

was a small possibility that the calcium response was evoked by the P2X5R.
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Chapter 4: P2X7R-mediated Interleukin mRNA Expression in

Human Miiller Cells

4.1 Introduction
The purpose of the research in this chapter was to determine if stimulation of the
P2X7R in human Miiller cells mediated cell-death and to determine any P2X7R-
mediated expression of inflammatory mediators specifically IL-1R1, IL-1a, IL-1 and

IL-10 in human Muller cells.

P2X7Rs in human Miiller cells were initially demonstrated by Pannicke et al in 2000
(1.3.4.1 Purinergic signalling and Miiller cells and figure 1.18). Additionally, as part
of this research P2X7R were identified in MIO-M1 cells for the first time (table 3.3
and graph 3.4). Endogenously, high concentrations of ATP activate the P2X7R
(Donnelly-Roberts et al., 2009; Bianchi et al., 1999 and Surprenant et al., 1996).
Similarly, high concentrations of ATP activate the P2X7Rs in human Miiller cells
(graph 3.4 and 3.3.4 ATP activates P2Y1Rs, with higher concentrations also activating
P2X7Rs in human Miiller cells). Activation of the P2X7R is known to cause cytokine
release in immunocompetent cells (1.3.3.7 P2X7 receptor; He et al., 2017; Nie et al.,
2017; Ferrari et al., 2000). The P2X7R acts via NLRP3 inflammasome-caspase-1
complex causing downstream IL-1B (Giuliani et al., 2017 and Choi et al., 2014), IL-18
(Dinarello, 2007 and Choi et al., 2014) and TNFa (Cieslak et al., 2017) maturation or
release. Additionally, this process can initiate pyroptotic inflammatory cell death

(Olsen et al., 2016).

Several groups have demonstrated P2X7R-mediated RGC death in the retina
(Niyadurupola et al., 2013; Hu et al., 2010; Resta et al., 2007; Zhang et al., 2005). Our
research group demonstrated P2X7R-mediated RGC death (figure 4.1; Niyadurupola
et al., 2013) was associated with upregulation of cytokines IL-13 and IL-10

(Niyadurupola et al., 2009) in a human retinal model. IL-1B is a pro-inflammatory
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cytokine (1.5.3.3 IL-168), whereas IL-10 is an anti-inflammatory cytokine (1.5.4 IL-10).
IL-1B exerts an effect via IL-1R1 (1.5.3.1 Interleukin-1 receptor IL-1R). Research from
our group shows immunolocalisation of IL-1R1 mainly in the NFL and RGC layer, with
some immunoreactivity also in the OPL & ONL (Niyadurupola et al., 2009): Miiller
cells traverse all layers of the human retina and therefore may produce this pattern

of immunoreactivity.

Figure 4.1: Immunohistochemistry showing P2X7R-mediated RGC loss in the HORC model
(Niyadurupola et al., 2013)

HORCs were treated in experimental conditions for 24h: (A) control; (B) BBG (1uM; P2X7R antagonist)
control; (C) BzATP (100uM; P2X7R agonist) and (D) BBG and BzATP (1uM and 100uM respectively).
RGCs (green) were immunolabeled with antibody to the RGC marker NeuN. GCL, INL and ONL (all blue)

were immunolabeled with the nuclear stain DAPI.

4.2 Results

4.2.1 MIO-M1 cell viability and cell death in response to purinergic agonist and
antagonist exposure
High concentrations of endogenous purinergic agonists have been shown to cause

cell death (1.3.4.1 Purinergic signalling and Miiller cells). MIO-M1 cell viability and

death when stimulated with purinergic agonists was therefore investigated.

MIO-M1 cells were incubated in a range of ATP (100uM-3mM) and BzATP (10uM-

300uM) concentrations for 24 hours. Prolonged stimulation with ATP and BzATP at
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all concentrations showed no significant change in MIO-M1 cell viability or death

when compared with control (graph 4.1).
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Graph 4.1: A. Cell viability (n=8) and B. cell death (n=6) of MIO-M1 cells after exposure to BzATP
(10uM-3mM) and ATP (100uM-3mM) for 24h.

Cell viability and cell death data were determined by MTS and LDH assays respectively. Data is mean

+ SEM.

4.2.2 IL-1q, IL-1B, IL-1R1 and IL-10 mRNA expression in MIO-M1 cells

IL-1a, IL-1B, IL-1R1 and IL-10 mRNA expression in MIO-M1 cells under resting
conditions was determined (table 4.1) by RT-qPCR (2.4 Reverse transcription
quantitative polymerase chain reaction). MIO-M1 cells were found to only express
mRNA for IL-1R1 at resting conditions. There was no detectable expression of IL-1a,

IL-1B and IL-10 mRNA at resting conditions.
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Gene Control mean C: £ SEM

IL-1a Not detected
IL-18 Not detected
IL-1R1 28.4+0.4

IL-10 Not detected

Table 4.1: IL-1qa, IL-1B, IL-1R1 and IL-10 mRNA expression in MIO-M1 cells in resting or control
conditions (n=4)

The data shown is the mean Ct value + SEM. A Ct cut-off value of 35 was utilised.

4.2.3 P2X7R-mediated IL-1q, IL-1pB, IL-1R1 and IL-10 mRNA expression in MIO-M1
cells

ATP (P2 agonist) or BzATP (P2X7R agonist) was applied to MIO-M1 cells that were
untreated or pre-treated with 10uM AZ10606120 (P2X7R antagonist). ATP and BzATP
were used at concentrations subthreshold and suprathreshold for P2X7R activation
in MIO-M1 cells (table 4.2). Graph 3.4 demonstrated that ATP >1000uM and BzATP
>100uM activates the P2X7R in MIO-M1 cells: considering this, ATP 300uM and BzATP
30uM were used as concentrations subthreshold for P2X7R activation and ATP
3000uM and BzATP 300uM were used as concentrations suprathreshold for P2X7R
activation. Graph 4.1 shows that these ATP and BzATP concentrations are not toxic
to MIO-M1 cells. Any subsequent changes in IL-1a, IL-18 and IL-10 mRNA were
determined by RT-qPCR (2.4 Reverse transcription quantitative polymerase chain
reaction) at the 3h time-point. Preliminary RT-gPCR time-course (72h) experiments
investigating ATP (300uM) and BzATP (30uM) induced IL-1B mRNA expression in
MIO-M1 cells indicated that BzATP induced a small increase in IL-13 mRNA expression
at the 3h time-point and at no other time-points therefore this timepoint was

selected for further experimentation.

ATP concentration (LM) BzATP concentration (uM)

Subthreshold for P2X7R 300 30
activation in MIO-M1 cells
Suprathreshold for P2X7R 3000 300

activation in MIO-M1 cells
Table 4.2: ATP and BzATP concentrations subthreshold and suprathreshold for P2X7R activation in

MIO-ML1 cells.

Previous experiments demonstrated that ATP >1000uM and BzATP >100uM activate the P2X7R in
MIO-M1 cells: considering this agonist concentrations subthreshold (ATP 300uM and BzATP 30uM)
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and suprathreshold (ATP 3000uM and BzATP 300uM) for P2X7R activation in MIO-M1 cells were

selected.

4.2.3.1 P2X7R-mediated IL-1a mRNA expression in MIO-M1 cells
P2X7R-mediated IL-1a mRNA expression was determined using the experimental

conditions described in section 4.2.3 above.

ATP and BzATP stimulation of MIO-M1 cells did not induce any change in IL-1a mRNA
expression compared with t=0 or t=3 controls (graph 4.2). IL-1a control (t=0) Ct value

was 35.2 £ 0.4 (n=4; mean = S.E.M).
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Graph 4.2: Fold change in IL-1la mRNA expression in MIO-M1 cells stimulated with P2X7R agonists
and antagonists (t=3h; n=4)

Purinergic agonists (A) ATP (300uM and 3000uM; blue) and (B) BzATP (30uM and 300uM; green) were
applied to MIO-M1 cells that were either untreated or pre-treated with P2X7R antagonist AZ10606120
(10uM; pink). Data is illustrated as a fold-change compared to the t=0 hour control. ATP and BzATP
stimulation of MIO-M1 cells did not induce any change in IL-1a mRNA expression compared with t=0
or t=3 controls. IL-1a control (t=0) Ct value was 35.2 + 0.4. Data is mean * SEM, statistical significance

(P<0.05) calculated by a one-way ANOVA with Dunnett’s post-hoc test (*).

4.2.3.2 P2X7R-mediated IL-18 mRNA expression and protein release in
MIO-M1 cells
P2X7R-mediated IL-18 mRNA expression and protein release in MIO-M1 cells was

investigated by RT-qPCR and ELISA (2.8 Enzyme-linked immunosorbent assay)
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respectively. The same experimental conditions were used as those described in
section 4.2.3 above. ELISA was performed at Oh, 3h, 6h, 12h, 24h, 48h and 72h time-

points.

ATP (300uM) stimulation of MIO-M1 cells induced a significant 8.2-fold increase in IL-
1B mRNA expression when compared to t=0 controls (graph 4.3 A). IL-1B control (t=0)
Civalue was 37.4 £ 0.2 and IL-18 ATP 300uM (t=3) Ct value was 34.4 £ 0.3 (n=4; mean
+ S.E.M). The increase in IL-1 B expression was not significantly inhibited in MIO-M1
cells treated with AZ10606120 10uM. ATP at 3mM did not induce any changes in IL-
18 mRNA expression. BzATP stimulation of MIO-M1 cells did not induce any
significant change in IL-1 mRNA expression compared with t=0 or t=3 controls (graph

4.3 B).
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Graph 4.3: Fold change in IL-1p mRNA expression in MIO-M1 cells stimulated with P2X7R agonists
and antagonists (t=3h; n=4)

Purinergic agonists (A) ATP (300uM and 3000uM; blue) and (B) BzATP (30uM and 300uM; green) were
applied to MIO-M1 cells that were either untreated or treated with P2X7R antagonist AZ10606120
(10uM; pink). Data is illustrated as a fold-change compared to the t=0 hour control. ATP 300uM
stimulation of MIO-M1 cells induced a significant 8.2-fold increase in IL-1 mRNA expression when
compared to t=0 (p=0.0061) controls. IL-1B control (t=0) Ct value was 37.4 £ 0.2 and IL-13 ATP 300uM
Ct value was 34.4 + 0.3 (n=4; mean + S.E.M). Data is mean = SEM, statistical significance (P<0.05)

calculated by a one-way ANOVA with Dunnett’s post-hoc test (*).

ATP 300uM induced a significant increase in IL-13 mRNA expression (graph 4.3 A);
therefore, ATP 300uM was applied to MIO-M1 cells and IL-1B protein release was
measured over 0-72h. ATP 300uM stimulation of MIO-M1 cells did not induce any IL-
1B protein release at any time-point (3-72h) when compared with t=0 control (graph

4.4).
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Graph 4.4: Fold change in IL-1B protein release in MIO-M1 cells stimulated with ATP 300uM (t=3h,

6h, 12h, 24h, 48h and 72h; n=4)

ATP 300uM was applied to MIO-M1 cells and any IL-1B protein release was measured over time. Data
is illustrated as a fold-change compared to the t=0 hour control. ATP 300uM stimulation of MIO-M1
cells did not induce release of IL-1B protein. Data is mean + SEM, statistical significance (P<0.05)

calculated by a one-way ANOVA with Dunnett’s post-hoc test (*).

LPS, a bacterial cell wall component, is capable of inducing IL-13 mRNA and protein
expression in several cell-types, ATP has been shown to then cause IL-1B maturation
and release via the P2X7R (Dinarello, 2009). The effect of LPS on IL-1B expression
was therefore investigated, in order to determine whether these pathways were
present in MIO-M1 cells. LPS 0.5ug/mL was applied to MIO-M1 cells and IL-1B mRNA
expression was measured over 0-72h. LPS stimulation of MIO-M1 cells did not
induce any change in IL-13 mRNA expression at any time-point (3-72h) when
compared with t=0 control (graph 4.5). IL-1B control (t=0) C: value was 31.7 + 0.5
(n=3; mean + S.E.M).
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Graph 4.5: Fold change in IL-18 mRNA expression in MIO-M1 cells stimulated with LPS
0.5ug/mL (t=3h, 6h, 12h, 24h, 48h and 72h; n=3)

LPS 0.5ug/mL (dark orange) was applied to MIO-M1 and any IL-1B mRNA release was
measured over time. Data is illustrated as a fold-change compared to the t=0 hour control.
LPS stimulation of MIO-M1 cells did not induce any change in IL-13 mRNA expression when
compared to t=0 control. IL-1B control (t=0) Ct value was 31.7 + 0.5. Data is mean + SEM,
statistical significance (P<0.05) calculated by a one-way ANOVA with Dunnett’s post-hoc test
(*).

4.2.3.3 P2X7R-mediated IL-1R1 mRNA expression in MIO-M1 cells
P2X7R-mediated IL-1R1 mRNA expression was determined using the experimental

conditions described in section 4.2.3 above.

ATP and BzATP stimulation of MIO-M1 cells did not induce any change in IL-1R1
MRNA expression compared with t=0 or t=3 controls (graph 4.6). IL-1R1 control (t=0)
C: value was 28.4 £ 0.4 (n=4; mean * S.E.M).
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Graph 4.6: Fold change in IL-1R1 mRNA expression in MIO-ML1 cells stimulated with P2X7R agonists
and antagonists (t=3h; n=4)

Purinergic agonists (A) ATP (300uM and 3000uM; blue) and (B) BzATP (30uM and 300uM; green) were
applied to MIO-M1 cells that were either untreated or pre-treated with P2X7R antagonist AZ10606120
(10uM; pink). Data is illustrated as a fold-change compared to the t=0 hour control. ATP and BzATP
stimulation of MIO-M1 cells did not induce any change in IL-1R1 mRNA expression compared with t=0
or t=3 controls. IL-1R1 control (t=0) Ct value was 28.4 + 0.4. Data is mean = SEM, statistical significance

(P<0.05) calculated by a one-way ANOVA with Dunnett’s post-hoc test (*).

4.2.3.4 P2X7R-mediated IL-10 mRNA expression in MIO-M1 cells
P2X7R-mediated IL-10 mRNA expression was determined using the experimental

conditions described in section 4.2.3 above.

ATP and BzATP stimulation of MIO-M1 cells did not induce any change in IL-10 mRNA
expression compared with t=0 or t=3 controls. IL-10 mRNA expression decreased
over time, with nearly all t=3 conditions significantly reduced compared to t=0 control

(graph 4.7). IL-10 control (t=0) C: value was 37.4 + 1.1 (n=4; mean + S.E.M).
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Graph 4.7: Fold change in IL-10 mRNA expression in MIO-M1 cells stimulated with P2X7R agonists
and antagonists (t=3h; n=4)

Purinergic agonists (A) ATP (300uM and 3000uM; blue) and (B) BzATP (30uM and 300uM; green) were
applied to MIO-M1 cells that were either untreated or pre-treated with P2X7R antagonist AZ10606120
(10uM; pink). Data is illustrated as a fold-change compared to the t=0 hour control. ATP and BzATP
stimulation of MIO-M1 cells did not induce any change in IL-10 mMRNA expression compared with t=0
or t=3 controls. IL-10 mRNA expression decreased over time, with nearly all t=3 conditions significantly
reduced compared to t=0 control. IL-10 control (t=0) Ct value was 37.4 + 1.1. Data is mean * SEM,

statistical significance (P<0.05) calculated by a one-way ANOVA with Dunnett’s post-hoc test (*).

4.3 Discussion

4.3.1 Prolonged stimulation of the P2X7R does not cause cell death in human Miiller

cells.
BzATP is a potent and selective agonist of the P2X7R in human Miiller cells (3.3.8 The

synthetic agonist BzATP induced calcium responses selectively via the P2X7R in human
Miiller cells). Endogenously high concentrations of ATP are known to activate the
P2X7R (Ferrari et al., 2006), this has also been demonstrated above in human Miiller
cells (graph 3.3 and 3.3.4 ATP activates P2Y1Rs, with higher concentrations also
activating P2X7Rs in human Miiller cells). ATP and BzATP were therefore used to

investigate P2X7R-mediated cell death.
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There was no evidence of P2X7R-mediated cell death of human Miiller cells (graph
4.1). P2X7R-mediated cell death may not have occurred because: (i) prolonged
activation of the P2X7R in human Miiller cells does cause pore-formation and cell
death or (ii) the immortalised cell line model used (MIO-M1) expresses a
polymorphism of the P2X7R effecting receptor function (Tao et al., 2017; Jiang et al.,
2013; Gartland et al., 2012).

Pannicke et al., in 2000 investigated BzATP stimulation of the P2X7R on primary
human Miiller cells: their dye-filling experiments showed no opening of membrane
pores to allow fluorescent dyes to enter the cells faster than under control
conditions. However, it is important to note that their evidence was equivocal as
many of their control cells exhibited uptake of dye. It is known that some cell types
expressing P2X7R are non-pore forming, possibly because they lack the intracellular
machinery for this (Donnelly-Roberts and Jarvis 2007; North, 2002; Pelegrin and
Surprenant, 2006).

Prolonged stimulation of the P2X7R does not cause Miiller cell death, however it may
contribute to the P2X7R associated RGC death previously described in our groups
proposed pathogenesis of glaucoma (Niyadurupola et al., 2013). Stimulation of the
P2X7R in Miller cells may result in downstream processes which could contribute to
the pathogenesis of glaucoma, these will be investigated further in the next two

chapters.

4.3.2 Stimulation of the P2X7R in human Miiller cells does not induce IL-1a, IL-1
or IL-10 mRNA expression
Previous work by our group showed that stimulation of the P2X7R in a human retinal

model was associated with upregulation in IL-1p and IL-10 mRNA expression with IL-
B protein release. IL-10 protein release was not investigated (Niyadurupola et al.,
2009). The retinal cell type(s) involved in interleukin release were not identified,
therefore Miuller cell contribution to P2X7R-mediated interleukin release was

investigated in the current research.
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ATP 3000uM or BzATP 300uM were used to stimulate the P2X7R in human Muller
cells, there was no subsequent upregulation of IL-1a, IL-13 or IL-10 mRNA expression.
Furthermore, RT-qPCR Ct values obtained for these interleukins were high (Ct > 35.0),
which is not considered reliable evidence of mRNA expression. At these levels it is
difficult to reliably distinguish a real amplification signal from background signals so
Ct values above 35 are commonly disregarded (ThermoFisher, 2015). However, any
increase above this background as a result of treatment would be expected to be

detected.

4.3.2 Human Miiller cells may be a contributing source of IL-1B in the retina via
pathway(s) independent of the P2X7R
IL-1B is implicated in several mechanisms of glaucoma pathogenesis (1.5.2

Interleukins and glaucoma). It is not produced in healthy physiological states as it is
a potent pro-inflammatory cytokine (Madej et al., 2017): similarly, table 4.1 shows it

is not produced by human Miiller cells in healthy physiological states.

Several PAMPs and DAMPs stimulate NLRP3 inflammasome assembly, this converts
pro IL-1B to mature IL-1B (1.5.3.3 IL-16 and figure 1.23). High millimolar
concentrations of ATP act as a DAMP signal and activate the P2X7R; in some cell-types
this initiates the process of mature IL-1B synthesis and release (Giuliani et al., 2017;
Choi et al., 2014; Sanz et al., 2009; Di Virgilio et al., 1998 and Pelegrin et al., 2008).
Results (graph 4.3) show that millimolar ATP stimulation of the P2X7R does not
induce IL-1B expression in human Miller cells. Similarly BzATP, a selective P2X7R
agonist, did not induce IL-1B expression in human Miiller cells as it had in intact
human retina (Niyadurupola 2009). If human Miiller cells produce IL-1B, translation

and transcription appear to involve pathways independent of the P2X7R.

Interestingly, micromolar concentrations of ATP did induce a significant 8.2-fold
increase in IL-18 mRNA expression in the MIO-M1 cells (graph 4.3 A). At micromolar
concentrations ATP is sub-threshold for P2X7R stimulation, so upregulation of mRNA

is probably via a pathway independent of the P2X7R. The corresponding Ct value was
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high (C: 34.4 £ 0.3), but below the cut-off value (C: >35.0): therefore, although there
was a significant up-regulation of IL-1B mRNA there was low concentration of this in
the sample. The same micromolar ATP stimulation of human Miiller cells did not
cause corresponding IL-1B protein release. Considering this, it seems likely that
human Miiller cells are not the main contributor to the IL-13 mRNA and protein
expression seen in experimental models of glaucomatous eyes. Alternatively, it may
be that certain additional stimuli are required to potentiate the upregulation of IL-13

mMRNA and protein release in the Muller cells.

It would have been interesting to determine whether there was P2X7R-mediated IL-
1B release in MIO-M1 cells. LPS is the most common PAMP used to upregulate IL-1
MRNA (referred to as LPS-priming) ahead of P2X7R mediated release. However, LPS
did not induce IL-1B mRNA expression in MIO-M1 cells (graph 4.5) so release could
not be investigated. LPS is a gram-negative bacterial cell wall component, a potent
PAMP it activates TLR-4 inducing pro-IL-1B in some cell-types (1.5.3.3 IL-18: Yao et
al., 2005 and Janeway, 2001). Functional TLR-4 has been characterised in human and
murine Miller cells (Lin et al., 2013; Kumar and Shamsuddin., 2012). Kumar and
Shamsuddin demonstrated LPS stimulation of TLR-4 in human Muller cells (MIO/M1
model) induced IL-1B mRNA upregulation (4h) and subsequent protein release (8h).
However, Lin et al. found LPS stimulation of TLR-4 in murine Miller cells did not
induce significant change in IL-18 mRNA expression. A notable difference in
experimental design was the concentration of LPS used; this research and Lin et al.
stimulated cells at lower LPS concentrations (0.5ug/mL and 0.1ug/mL respectively)
than Kumar and Shamsuddin (10pg/mL). Other research has shown that TLR-4 is
activated by LPS at picomolar concentrations (Marshall, 2005) and is cytotoxic at
doses ranging between 1ug/mL-200ug/mL depending on the cell-type (Sharifi et al.,
2010 and Vogel et al., 1979). Considering this the induction of IL-1B observed by
Kumar and Shamsuddin may be related to LPS induced cytotoxicity rather than LPS

activation of TLR-4.
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4.3.2 Human Miiller cells express IL-1R1
IL-1R1 mRNA was expressed by human Miller cells in resting conditions (table 4.1).

IL-1R1 mRNA expression was unchanged by purinergic agonist stimulation of human
Miller cells (graph 4.6). Our group has previously performed immunohistochemistry
for IL-1R1 in human retinal tissue: the pattern of fluorescence was suggestive that
these receptors are on the human Miiller cell, although it was important to note that

work to co-localise these with Mller cell markers was not performed.

Results in this chapter show that direct stimulation of the P2X7R in human Miiller
cells does not cause upregulation of IL-1B and IL-10 mRNA expression or IL-B protein
release. Our group previously demonstrated upregulation of these cytokines with
stimulation of the P2X7R in human retinal tissue (Niyadurupola et al., 2009) so it
would appear that these observed changes are not simply due to actions on the
Miller cells. However, there may be indirect pathways involving the Miiller cells and
these may involve the IL-R1 receptors identified here on the Miiller cells. The next
chapter will specifically investigate IL-1B-mediated IL-10 mRNA expression and

protein release in human Miller cells.
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Chapter 5: IL-1B-mediated IL-10 mRNA expression and

protein release in a human Miiller cell model

5.1 Introduction
The purpose of the research presented in this chapter was to investigate the effect

of IL-1B on IL-10 expression in a human Miiller cell model.

IL-1B (1.5.3.3 IL-18) is a potent pro-inflammatory cytokine and as such it is not
expressed by cells in healthy physiological conditions. Furthermore, IL-1B synthesis
and release are tightly regulated during pathological conditions (Dinarello, 1997). Of
all the interleukins, IL-1B is most frequently associated with glaucoma, with both

neurodegenerative and neuroprotective effects (1.5.2 Interleukins and glaucoma).

IL-1PB is a ligand at two receptors from the IL-1R family: IL-1R1 and IL-1R2 (table 1.7;
Dinarello et al., 2018). IL-1R1 is an “activating receptor” containing a Toll/interleukin-
1 receptor (TIR) homology domain in both of its subunits which are necessary for
downstream signalling (Dinarello et al., 1996). IL-1R2 is a “decoy receptor” lacking
TIR-domains (Dinarello et al., 1996). IL-1R1 contains TIR domains and IL-1B-IL-1R1
binding initiates a downstream signalling cascade (figure 5.1). IL1-R2 does not
contain TIR domains, subsequently IL-1B-IL-1R2 binding does not initiate a
downstream signalling cascade (figure 5.1; Yazdi and Ghoreschi, 2016; Boraschi and
Tagliabue, 2013 and Dinarello, 1996). IL-1B binding at IL-1R1 recruits the accessory
chain IL-1R3: IL-1B-IL-1R1-IL-1R3 signal transduction complex recruits MyD88 and IL-
1 receptor-associated kinases (IRAK). MyD88 activates IRAK leading in turn to the
recruitment and oligomerisation of tumour necrosis factor-associated factor 6
(TRAF6). TRAF6 and IRAKs form complexes with TGF-B-activated kinase 1 (TAK1) and
TAK1-binding proteins (TAB1 and TAB2) initiating further stages of protein
modifications. From here the intracellular signal can propagate via the: (i) MAPK

pathway or the (ii) NF-kB pathway. In the ‘MAPK pathway’ TAK1 activates the MAP
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kinases: p38, JNK and extracellular signal-related kinases (ERK). Downstream from
this pathway are transcription factors that modify mRNA production in the nucleus
(Ozbabacan et al., 2014 and Wojdasiewicz et al., 2014). In the ‘NF-kB pathway’ TAK1
activates the IKK kinase complex which comprises NF-kB essential modulator
(NEMO)-IKK1 (or IKKa)-1KK2 (or IKKB). The IKK kinase complex inactivates IkB. The IkB
family are a group of inhibitory proteins that keep the NF-«kB family of transcription
factors inactive and sequestered in the cell’s cytoplasm. IkB inactivation allows NF-
kB transcription factors p50, p52, p65, RelB and RelC to migrate to the nucleus where
they can modify mRNA production (Liu et al., 2017; Ozbabacan et al., 2014;
Wojdasiewicz et al., 2014 and Israel, 2010).
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Figure 5.1: IL-1B binding to IL-1R1 and IL-1R2 and subsequent downstream signalling (adapted from
Wojdasiewicz et al., 2014).

IL-1B-IL-1R1 binding initiates a downstream signalling cascade. IL1-R2 acts as a ‘decoy receptor’ and
IL-1B-IL1-R2 binding does not initiate a downstream signalling cascade. IL-1B-1L-1R1 binding recruits
accessory protein IL-1R3 to form a signal transduction complex, the intracellular signal propagates
through a series of molecule recruitment and modification stages involving MyD88, IRAK, TRAF6, TAB1
and TAB 2. The intracellular signal can then propagate via the NF-kB pathway or the MAPK pathway.
Downstream from both pathways are a family of transcription factors which become available to

migrate to the nucleus to modify mRNA production.

One of the downstream signalling effects of IL-1B-IL-1R1 binding is the production of
other inflammatory mediators including fellow cytokines. IL-1B-1L-1R1 binding and
down-stream MAPK and NF-kB transcription factors are known to induce IL-6

production in leucocytes (Panzer et al., 1993) neuronal cells (Tsakiri et al., 2008) and
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Miiller cells (Yoshida et al., 2001). Similarly, IL-1B-1L-1R1 binding and down-stream
MAPK transcription factors are known to induce IL-8 production in some cell-types

(Hwang et al., 2004). IL-1B induces IL-12 in dendritic cells (Wesa and Galy, 2001).

IL-10 is a predominantly anti-inflammatory cytokine (1.5.4 IL-10) inhibiting certain
pro-inflammatory functions of leucocytes (table 1.7). Research into the relationship
between IL-10 and IL-1B shows: (i) they are both produced in inflammatory or
pathological conditions (Wang et al., 1997); (ii) both interleukins can be produced by
microglia, another type of glial cell (Jenkins et al., 1994) and (iii) IL-10 inhibits IL-1
expression (Jenkins et al., 1994 and Vieira et al., 1991). Previous research using an
LPS model of neuroinflammation demonstrated IL-18 and IL-10 localisation in the
brain, however the stimulus for IL-10 production was not identified (Wang et al.,
1997). Our research group looked at a glaucomatous neuroinflammation in the retina
and demonstrated P2X7R-mediated increase IL-13 and IL-10 expression
(Niyadurupola et al., 2009). The following chapter research will explore the

relationship between IL-1B and IL-10 cytokines in a human Miiller retinal cell.

In the previous chapter (Chapter 4: P2X7R-mediated Interleukin mRNA Expression in
Human Miiller Cells) human Miiller cells were shown to express mRNA for IL-1R1.
When stimulated with LPS or purinergic agonists human Miiller cells were not shown
to produce IL-1B protein. Similarly, when stimulated with purinergic agonists human
Miiller cells were not shown to induce IL-10 mRNA expression. In this chapter IL-
will be used to simulate the IL-1R1 on human Miiller cells to see if this induces IL-10

mRNA and or protein expression.
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5.2 Results
IL-1B mediated IL-10 mRNA and protein expression in MIO-M1 cells was investigated
using RT-gPCR (2.4 Reverse transcription quantitative polymerase chain reaction) and

ELISA (2.8 Enzyme-linked immunosorbent assay) respectively.

To determine if any induced changes in IL-10 expression occurred due to IL-1B binding
to the IL-1R1 in MIO-M1 cells, inhibitors of downstream signalling (figure 5.2)
LY294002 (PI3K inhibitor), bardoxolone methyl (NF-kB pathway inhibitor) and SB
203580 (MAPK pathway p38 inhibitor) were used.
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IL-1R1 downstream Description Typical concentration for
Signalling Inhibitor cellular experiments
LY294002 Selective competitive PI3Ka =0.73uM 10-50uM
inhibitor of PI3K
PI3KB=0.31uM
PI3KS = 1.06uM
PI3Ky =6.60uM
Bardoxolone methyl Activation of nuclear factor 0.1nM - 0.27uM 5uM
erythroid 2—related factor 2
(Nrf2) which stabilises NF-
KB
SB 203580 Selective competitive SAPK2a/p38 = 50nM 1-10uM

inhibitor of p38 MAPK
SAPK2b/p38B2 =500nM

MAPK
Bardoxolone
$B203580
FReeannnenR sReoRRepoiethyl  ~
LI %

7
Nucleus %

Figure 5.2: IL-1R1 downstream signalling inhibitors: (A) characteristics and (B) site of action.

RRRR
A

Transcriptional
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LY294002 (orange) is a PI3K inhibitor: PI3K plays a role in transducing the signal from IL-1R1 to NF-kB.
PI3K acts by liberating NF-kB transcription factors. The mechanism by which this occurs has not been
fully elucidated, perhaps by liberating NF-kB from IkB (Reddy et al., 1997) or by a pathway separate
from IkB degradation that results in phosphorylation of NF-kB (Sizemore et al., 1999). Bardoxolone
methyl (blue) causes activation of Nrf2 which stabalises NF- kB (Pei et al., 2019; Wang et al., 2017 and
de Zeeuw et al., 2013). SB203580 (red) is a specific p38 MAPK inhibitor (Zer et al., 2007).
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5.2.1 MIO-M1 evoked cell death in response to IL-1B and IL-1R1 downstream
signalling inhibitors
MIO-M1 cell death when stimulated with IL-1B and IL-1R1 downstream signalling

inhibitors was determined with LDH assays (2.6 LDH assay).

MIO-M1 cells were incubated in a range of IL-1B (1-100ng/mL) concentrations for 24
hours. As discussed previously IL-1B is a potent pro-inflammatory cytokine and can
be cytotoxic at high concentrations in some cell types (Osborn et al., 2008;
Rosenwasser, 1998 and Shimabukuro et al., 1997). Prolonged stimulation with IL-1
at all concentrations showed no significant change in MIO-M1 cell death when
compared with control (n=4; graph 5.1). Therefore, for the next series of experiments
concentrations of IL-1B up to 100ng/mL could be used to stimulate the IL-1R1 in MIO-
M1 cells and any subsequent change in IL-10 mRNA or protein expression would not
be attributable to lytic cell-death associated cytokine release (Place and Kanneganti

etal. 2019).
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Graph 5.1: Evoked cell death of MIO-ML1 cells after exposure to IL-18 (1-100ng/mL) for 24h (n=4)

Stimulation with IL-1B at concentrations 1-100ng/mL for 24 hours did not cause cell-death compared

to control. Cell death was determined by LDH assay. Data is mean + SEM.

MIO-M1 cells were incubated in IL-1B 10ng/mL with each of the IL-1R1 downstream
signalling inhibitors LY294002 10uM (PI3K inhibitor; graph 5.2A), bardoxolone methyl
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5uM (NF-kB pathway inhibitor; graph 5.2B) and SB 203580 2.5uM (MAPK pathway
p38 inhibitor; graph 5.4C) for 24h. The IL-1R1 antagonists did not appear to be
cytotoxic at any of the concentrations used as they did not induce any significant
MIO-M1 cell death when compared with control either in the presence or absence of

IL-1B (graph 5.2 A-C; n=4).
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Graph 5.2: Evoked cell death of MIO-M1 cells after exposure to IL-1B 10ng/mL and IL-1R1
downstream signalling inhibitors (A) LY294002 10uM, (B) bardoxylone methyl 5uM and (C)
S$B203508 2.5uM for 24h (n=4)

Stimulation with IL-1B 10ng/mL and IL-1R1 downstream signalling inhibitors for 24 hours did not cause

cell-death compared to control. Cell death was determined by LDH assay. Data is mean + SEM.

5.2.2 IL-1B induced IL-10 mRNA and protein expression in MIO-M1 cells
MIO-M1 cells were incubated in IL-18 10ng/mL for 24 hours, subsequent change in

IL-10 mRNA expression was evaluated using RT-qPCR (2.4 Reverse transcription
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quantitative polymerase chain reaction). IL-1B stimulation of MIO-M1 cells produced

a significant 6.2-fold rise in IL-10 mRNA expression at 24 hours (n=4; graph 5.3).
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Graph 5.3: IL-10 mRNA expression in MIO-M1 cells in response to IL-1B 10ng/mL stimulation (t=24h;
n=4).

IL-18 10ng/mL stimulation of MIO-M1 cells produced a significant 6.2-fold rise in I1L-10 mRNA
expression at 24 hours (P = 0.0339). IL-10 mRNA expression was determined by RT-qPCR. Data is

expressed as mean fold change + SEM, statistical significance (P<0.05) calculated by t-test (*).

Given that IL-1B 10ng/mL stimulation of MIO-M1 cells induced an upregulation of IL-
10mRNA at 24 hours, IL-10 protein expression and release at 24 hours and 48 hours

was evaluated using ELISA (2.8 Enzyme-linked immunosorbent assay).

IL-1B stimulation of MIO-M1 cells did not cause any IL-10 protein to be released into
the extracellular medium, as measured at 24 hours. In most of the experimental runs
there was an increase in IL-10 release at 48 hours, however this increase was variable
and therefore on analysis this was not statistically significant (n=4; graph 5.4 A-B).
MIO-M1 cells were lysed to detect any intracellular IL-10 protein. IL-1B stimulation of

MIO-M1 cells produced a small but significant 1.37-fold rise in intracellular IL-10
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protein at 24 hours (n=4; graph 5.4 C). No subsequent significant IL-10 protein rise
at 48 hours was detected (n=4; graph 5.4 D).
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Graph 5.4: Extracellular (A-B) and intracellular (C-D) IL-10 protein expression in MIO-M1 cells in
response to IL-1B 10ng/mL stimulation (t=24h and 48h; n=4)

IL-1B 10ng/mL stimulation of MIO-M1 cells did not cause any extracellular IL-10 protein release at 24
hours. IL-10 protein release at 48 hours was not statistically significant. MIO-M1 cells were lysed to
detect any intracellular IL-10 protein. IL-1B 10ng/mL stimulation of MIO-M1 cells produced a small but
significant 1.37-fold rise in intracellular IL-10 protein at 24 hours P<0.0001, there was no subsequent
significant protein rise at 48 hours. IL-10 protein was determined by ELISA. Data is expressed as mean

fold change + SEM, statistical significance (P<0.05) calculated by t-test (*).
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5.2.3IL-1B induced IL-10 in MIO-M1 cells treated with IL-1R1 downstream signalling
inhibitors
The previous section demonstrated IL-1 induced IL-10 mRNA and protein expression

in MIO-M1 cells. This section investigates if the increase in IL-1p induced IL-10 mRNA
and protein was affected by inhibitors of the pathways downstream of binding of IL-

1B to IL-1R1.

MIO-M1 cells were pre-incubated for 30min in IL-1R1 downstream signalling
inhibitors LY294002 10uM (PI13K inhibitor), bardoxolone methyl 5uM (NF-kB pathway
inhibitor) and SB 203580 2.5uM (MAPK pathway p38 inhibitor; figure 5.2). IL-1B
10ng/mL was used to stimulate cells in the presence of the downstream signalling
inhibitors. Subsequent IL-10 mRNA and intracellular protein expression was
evaluated using RT-qPCR (2.4 Reverse transcription quantitative polymerase chain

reaction) and ELISA (2.8 Enzyme-linked immunosorbent assay) respectively.

The IL-1B induced IL-10 mRNA expression demonstrated previously (graph 5.3) was
confirmed, with IL-1B stimulation producing a significant 5.1-fold rise in IL-10 mRNA
expression at 24 hours (graph 5.5 A). Each of the IL-1R1 downstream signalling
inhibitors appeared to cause inhibition of IL-10 mRNA expression, although this was
only significant with LY294002 (PI3K inhibitor). IL-1B induced IL-10 protein was not
inhibited by any of the IL-1R1 downstream signalling inhibitors, although again, they

were back to baseline levels (graph 5.5 B).
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Graph 5.5 IL-1B 10ng/mL mediated IL-10 (A) mRNA and (B) intracellular protein expression in MIO-

M1 cells pre-treated with IL-1R1 downstream signalling antagonists (t=24h; n=4)

MIO-M1 cells were pre-treated for 30 min with IL-1R1 signalling inhibitors LY294002 10uM,
bardoxolone methyl 5uM and SB 203580 2.5uM. MIO-M1 cells were then stimulated with IL-1B
10ng/mL and subsequent IL-10 mRNA (A) and intracellular protein (B) were measured at 24 hours with
PCR and ELISA respectively. (A) IL-1B induced IL-10 mRNA expression which was statistically
significant: IL-10 mRNA appeared to be reduced by all IL-1R1 downstream signalling antagonists
however only LY294002 produced a statistically significant reduction P = 0.0091. (B) IL-1B induced IL-
10 intracellular protein was not significantly reduced by any IL-1R1 downstream signalling antagonist.

Data is expressed as mean fold change + SEM, statistical significance (P<0.05) calculated by t-test (*).

5.3 Discussion

5.3.1 IL-1PB stimulation of human Miiller cells induces IL-10 mRNA expression and
intracellular protein
One of the aims of this thesis was to explore any role(s) the human Miiller cell has in

relation to the IL-1B and IL-10 release in the glaucomatous human retina.
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The previous chapter (Chapter 4: P2X7R-mediated Interleukin mRNA Expression in
Human Miiller Cells) showed that ATP stimulation, such as that found in
neuroinflammatory conditions including glaucoma, produce a small upregulation in
IL-1B8 mRNA but no mature protein release. It is known that neuroinflammatory
conditions are associated with an increase in IL-1p protein in the retina. Therefore, it
is likely that human Miiller cells are either not the main contributing source of IL-1
in the retina or require additional signals to produce and potentiate IL-1p mature

protein release.

The aim of this chapter was to investigate any effect of retinal IL-1B on IL-10
expression in human Miiller cells. IL-1B stimulation of human Muller cells produced
a significant increase in IL-10 mRNA expression at 24 hours. The increase in IL-10
mRNA was significantly inhibited by the IL-1R1 downstream signalling inhibitor
LY294002 (PI3K inhibitor). The other IL-1R1 downstream signalling inhibitors
bardoxolone methyl (NF-kB inhibitor) and SB 203580 (p38 inhibitor) also appeared to
reduce IL-10 mRNA expression, however this was not statistically significant.
Considering these results, it is likely that IL-1B binds at the IL-1R1 on human Miiller
cells and transcription factors downstream of PI3K signalling upregulate IL-10 mRNA
expression. NF-kB and MAPK (p38) IL-1R1 downstream signalling pathways may also
contribute to IL-10 mRNA expression but these have not been clearly implicated in
the results obtained. It may be that bardoxolone methyl (NF-kB inhibitor) and SB
203580 (p38 inhibitor) IL-1R1 downstream signalling inhibitors did not produce a
statistically significant reduction in IL-10 mRNA due to: (i) variability in the results
(graph 5.5 A, see IL-18 + bardoxolone methyl); (ii) they were not used at an effective
concentration or (iii) that other timepoints might have been more appropriate. It is
important to note that as part of these experiments signalling inhibitors were used
at their ‘typical use’ concentrations (figure 5.2) and that these might not have been

the most appropriate for these experimental conditions.

IL-1B stimulation of human Miiller cells caused significant intracellular IL-10 protein
expression without any extracellular IL-10 protein release at 24 hours. IL-1B

stimulation caused a rise in extracellular IL-10 protein release at 48 hours, however
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this was not statistically significant due to variability in the results but does suggest
that the IL-10 synthesized was subsequently released (graph 5.4 B). The IL-1B
mediated intracellular IL-10 protein expression was not significantly inhibited by any
IL-1R1 downstream signalling inhibitors, but the trends were that inhibition had been
achieved. Putting together the results obtained in this chapter, it is likely that IL-18
binds at the IL-1R1 on human Miller cells initiating downstream signalling.
Predominantly PI3K downstream signalling upregulates IL-10 mRNA expression which
is translated into intracellular IL-10 protein within 24 hours. There may be some
subsequent IL-10 protein release at 48 hours. Certainly, the intracellular level of IL-
10 was back to baseline by this timepoint. The proposed mechanism of IL-1 induced
IL-10 mRNA and protein expression in human Miiller cells is illustrated in the diagram

below (figure 5.3).
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Figure 5.3 IL-1P induced IL-10 mRNA and protein expression in human Miiller cells

IL-1B binds at the IL-1R1 on human Miiller cells initiating downstream signalling. Predominantly PI3K
signalling upregulates IL-10 mRNA expression with likely contribution via the NF-KB and MAPK
pathways. IL-10 mMRNA expression is translated into intracellular IL-10 protein within 24 hours. This

may lead to IL-10 protein release.
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Chapter 6: Discussion

6.1 Summary discussion
Glaucoma is the leading cause of irreversible blindness worldwide (Flaxman et al.,
2017). Glaucoma describes a group of progressive optic neuropathies characterised
by a pattern of RGC death that leads to blindness if untreated (Quigley, 1998). The
pathophysiology behind RGC death has yet to be fully defined and mechanisms are
likely to be multifactorial including mechanical stress, ischemia, excitotoxicity and
inflammation. Our group focuses on understanding the role(s) purinergic signalling
may have in the pathogenesis of RGC death in glaucoma. Relating to this our research
group has previously shown that stimulation of the purinergic receptor subtype P2X7
in human retinal tissue is associated with RGC death and an increase in the expression
of cytokines IL-1B and IL-10 which are proposed to play a role in the
neurodegenerative process. The retinal cell-types involved in P2X7-mediated RGC
death and cytokine release have yet to be identified. The aims of this thesis research
were to:
(i) Identify the purinergic (P2) receptors in the human Miiller cell
(ii) Determine if stimulation of the P2X7R in human Miiller cells mediated
their cell-death
(iii)  Determine if stimulation of the P2X7R in human Miiller cells mediate
pro-inflammatory IL-1B and anti-inflammatory IL-10 cytokine mRNA

expression and protein release.

6.1.1 P2X7, P2Y,, P2Y4, P2Y1> and P2Y14 were identified as functioning receptors in
the MIO-M1 cell model of human Miiller cells.
As part of this thesis the full set of P2 receptors were investigated in human Miller

cells (MI0-M1 model) for the first time. mRNA and functional (Ca?* imaging) evidence
was demonstrated for P2X7, P2Y1, P2Ya, P2Y1; and P2Y14 receptors. P2X7 and P2Y,
receptors were shown to be significantly enriched in human Miiller cells (MIO-M1
model) when compared to human retinal tissue, perhaps suggesting that they may
have a more prominent role in determining the cellular functions. Furthermore, at

the time of writing, research presented in this thesis demonstrates the first time
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P2Y1, and P2Y14 receptors have been identified in human Miiller cells (MIO-M1
model) and the first time the P2Y14 receptor has been identified in the human retina:
the role of these receptors in the human Miiller cell has yet to be identified. P2Y12R
has neuroprotective (Gao et al., 2010) and pro-inflammatory roles (Tozaki-Saitoh et
al., 2017 and Cattaneo, 2015). Similarly, the P2Y14R also causes pro-inflammatory
cytokine release (Curet and Watters, 2018; Gao et al., 2013; Kinoshita et al., 2013 and
Sesma et al., 2012).

It was of particular importance to identify the P2X7R in MIO-M1 cells. Furthermore,
it was important to demonstrate agonist activation and Ca?* responses in MIO-M1
cells consistent to that which has already been published in human Miiller cells.
Establishing these constancies formed the basis for proceeding with MIO-M1 cells as
a model for researching down-stream signalling functions of the P2X7R in human

Miller cells.

6.1.2 Stimulation of P2X7R in the MIO-M1 cell model of human Miiller cells does
not appear to cause cell-death.
As part of this thesis research it was established there was a functioning P2X7R in the

MIO-M1 model of human Miiller cells. The P2X7R was activated with high
concentrations of ATP and with the selective agonist BzATP and it was antagonised
with the selective antagonists AZ10606120 and A438079. P2X7R pharmacology in
the MIO-M1 cell model of human Miller cells is consistent with what has been
published in the literature (Jacobson et al., 2020; Jacobson 2018; Sluyter, 2017)
validating this cell-line as a tool to study P2X7R electrophysiological responses.
Prolonged stimulation (>24h) of the P2X7R with ATP and BzATP cells did not cause
MIO-M1 cell-death as evaluated by cell viability and cell death assays. It appears,
therefore, that stimulation of the P2X7R in human Midller cells does not cause their
cell death as it does in other cell-types, perhaps because the receptor does not form
a cytolytic pore. P2X7R that do not form cytolytic pores have previously been
demonstrated in other immunocompetent cell types (table 1.5) including human
Miiller cells (Pannicke et al., 2000). However, it is important to consider alternative

explanations. MIO-M1 cells are an immortalised cell line, as such they may have a
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higher viability then human Miiller cells in vivo or primary cultures in vitro (Pereiro et
al., 2020). Additionally, MIO-M1 cells may express a polymorphism of the P2X7R that
alters native receptor function (Tao et al., 2017; Jiang et al., 2013; Gartland et al.,
2012). Several P2X7R polymorphisms (table 6.2) such as G150R (Stokes et al., 2010
and Denlinger et al., 2006) E496A (Bradley et al., 2011 Sluyter et al., 2004) and /568N
(Oyanguren-Desez et al., 2011) have shown no cytolytic pore formation, but further
research would be needed to investigate if one of these are expressed in the MIO-

M1 cell line.

Stimulation of the P2X7R in human Miiller cells may play a role in P2X7R associated
RGC death in our groups proposed pathogenesis of glaucoma (Niyadurupola et al.,
2013). Whilst it is possible that stimulation of the P2X7R in human Miiller cells causes
the release of pro-inflammatory cytokines contributing to glaucomatous
neurodegeneration, the thesis research discussed in the next sections suggest that
the P2X7R in this supportive glial cell contributes to more of a neuroprotective role
in the pathophysiology of glaucoma (6.2 Possibility of an IL-10-IL-18 axis in the human

retina).

6.1.3 Stimulation of the P2X7R in the MIO-M1 cell model of human Miiller cells did
not cause pro-inflammatory IL-1B or anti-inflammatory IL-10 cytokine mRNA
expression or protein release.

During resting conditions, the MIO-M1 model of human Miiller cells did not express

IL-1a, IL-1B or IL-10. IL-1a and IL-1B are not usually expressed by cells until they are
in pathological conditions due to their potent pro-inflammatory responses (Dinarello,

1997).

Stimulation of the P2X7R in the MIO-M1 model of human Miller cells did not cause
subsequent IL-1 (IL-1a and IL-1B) or IL-10 expression. Stimulation of the P2X7R is a
well-established potent trigger of IL-1]3 release in some cell types (figure 1.23; Giuliani
et al., 2017). In the human retina microglial cells are the main source of IL-1B (Todd
et al., 2019). IL-1PB is secreted in pathological states such as: glaucoma (Niyadurupola

et al., 2013); ARMD (Zhao et al., 2015); photo-oxidative damage (Hu et al., 2015);
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retinitis pigmentosa (Zhao b et al., 2015) and retinal detachment (Kataoka et al.,
2015). In the human retina RPE cells (Bian et al., 2018) and microglial (Leclaire et al.,
2019) cells secrete IL-1a in response to inflammatory (Liu et al., 2015) and infectious
conditions (Mora Scarpetta et al., 2021). Recently increased levels of IL-1a have been
associated with ocular hypertension (Sterling et al., 2020). Raised IL-10 is associated
with ocular toxoplasmosis (Raouf-Rahmati et al., 2021 and Rudzinski, et al., 2020) and
vitreoretinal lymphoma (Pochat-Cotilloux et al., 2018; Touitou et al., 2015); in the
former it is postulated to play an anti-inflammatory role. Human Miiller cells have

not yet been linked to the release of these interleukins.

6.2 Possibility of an IL-10-IL-1B axis in the human retina
ATP is released by all retinal cell types (Ward et al., 2010). High concentrations of
ATP in the retina are found in pro-inflammatory states, including glaucoma (Li et al.,
2011; Zhang et al., 2007). Inflammation leads to responses including glial cell
activation and production of interleukins. ATP activates the P2X7R, documented as
the most important trigger of IL-1B release in certain cell types (Di Virgilio et al., 1998;
Pelegrin et al., 2008; Sanz et al., 2009). IL-1B is predominantly produced in
pathological states and is one of the most pro-inflammatory agents (Giuliani et al.,
2017; Dinarello, 2011 and Gabay et al., 2010). Microglial cells are the predominant
source of retinal IL-1B (Todd et al., 2019). ATP stimulation of the P2X7R in the MIO-
M1 cell model of human Miiller cells did not cause an increase in IL-13 mRNA
expression or protein release. However, stimulation of an unidentified purinergic P2-
receptor(s) with ATP caused a significant increase in IL-13 mRNA expression, although
there was no subsequent (0-72h) protein release. It may be that with additional
stimulation human Miiller cells contribute to IL-1B in the human retina in
inflammatory states, this is likely to be via a P2X7R-independent pathway. Human

Miiller cells are unlikely to be a significant contributor to retinal IL-1.

IL-1R1 is the interleukin receptor for IL-1a, IL-18 and IL-1R1A. IL-1a and IL-1PB are
agonists at the IL-1R1 and their binding causes subsequent downstream signalling.

Research presented (chapter 4: P2X7R-mediated IL-1R1 mRNA expression in MIO-M1
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cells) shows the MIO-M1 model of human Miiller cells express mRNA for /L-1R1. IL-
1B stimulation of the IL-1R1 in the MIO-M1 cell model of human Miiller cells resulted
in significant IL-10 mRNA expression and intracellular protein production. Further
research is required to identify stimuli that may cause a release of IL-10 protein into
the retina. IL-10 is a predominantly anti-inflammatory cytokine, it modulates
responses to infection or inflammation so that there is minimal resultant tissue
damage (Ding and Shevach, 1992; de Waal Malefyt et al., 1991 and Fiorentino et al.,
1991). Other groups have shown that IL-13 stimulation of the IL-1R1 in the MIO-M1
cell model of human Miiller cells significantly increases expression of the protein
Galectin 1 (Hirose et al., 2019) and the chemokines: C—C motif chemokine ligand 2
(CCL2); C-X-C motif chemokine 1 (CXCL1) and C-X-C motif chemokine ligand 10
(CXCL10) (Natoli et al., 2017). Galectin 1, CCL2 and CXC10 all have immunoregulatory

roles.

Thereby, high concentrations of ATP trigger release of pro-inflammatory (IL-B) and
anti-inflammatory cytokines (IL-10) in the retina, concurring with previous research
from our group in the HORC model (Niyadurupola et al., 2009). Cytokines released
may have neurodegenerative and neuroprotective effects on RGCs (Angel et al.,
2019). Since high concentrations of ATP do not cause P2X7R mediated Miiller cell
death, these cells are able to survive and mediate this IL-10-IL-1f axis in the human

retina (figure 6.1).
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Figure 6.1 Proposed IL-10-IL-1B axis in the human retina

High concentrations of retinal ATP are found in pro-inflammatory states including glaucoma. High
concentrations of ATP activate the P2X7R which mediates IL-1p release in the retina. P2X7R mediated
IL-1B release is predominantly from retinal microglial cells (red, Mi). ATP stimulation of a currently
unidentified P2-receptor increases IL-1B mRNA expression in Miiller cells (yellow, M). Perhaps with
additional stimuli Maller cells may contribute a small amount to IL-1B released in the human retina.
IL-1B in a paracrine, and potentially an autocrine, manner activates IL-1R1 in Muller cells. Activation
of IL-1R1 causes IL-10 mRNA upregulation and intracellular protein production. Subsequent
unidentified stimuli may cause a release of IL-10 protein into the retina. Thereby high concentrations
of ATP are triggering release of pro-inflammatory (IL-B) and anti-inflammatory cytokines (IL-10) in the
retina, concurring with previous research from our group in the HORC model (Niyadurupola et al.,
2009). Cytokines released may have neurodegenerative and neuroprotective effects on RGCs. Since
high concentrations of ATP do not cause P2X7R mediated Miiller cell death, these cells are able to

survive and mediate this IL-10-IL-1f axis in the human retina.
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6.3 Limitations

6.3.1 The MIO-ML1 cell line as a research model for studying human Miiller cells

Research models for studying human Miller cells (human or animal) include retinal
tissue, primary Miiller cell culture and immortalised Miiller cell lines. At the time of
conducting this thesis research human eyes for research purposes were not easily
accessible.  Porcine eyes were used to produce a primary Miller cell culture
(Appendix 1): the intention was to develop a Miiller cell isolation protocol using
porcine retina so that an optimised protocol could be used on human retina if
accessible in future (6.4 future work). The research presented as part of this thesis
has been focused on human Miiller cells and therefore the MIO-M1 immortalised

human Miller cell line was used as a research tool.

MIO-M1 cells were the first immortalised human Miller cell line (Lawrence et al.,
2013). MIO-M1 cells have now been utilised by numerous research groups as a model
for studying human Miiller cells. MIO-M1 cells are a useful tool for studying human

Miiller cells since they are:

(i) relatively easily available

(ii) a human cell line, thereby eliminating the issue of interspecies variation

(iii) easy to culture

(iv) display good longevity when compared with long-term primary cultures.
When compared with human Miiller cells they displayed consistent morphology, glial
cell markers and electrical responses to glutamate (Limb et al., 2002). By contrast,
primary cultures of human Muller cells:

(i) are limited in availability

(ii) may be contaminated with other cell types which could lead to

inconsistent experimental results
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(iii) display heterogeneity across different batches since they are from
different donors — again this could lead to inconsistent experimental
results

(iv) display phenotypic instability across passages (Augustine et al., 2018;
Sarthy et al., 1998)

However, if available, primary cultures are considered the preferred model for
research purposes since long-term immortalised cell-lines display abnormalities.
Karyotypic analysis of MIO-M1 cells demonstrated characteristic chromosomal
abnormalities typical of cell-lines, for example triploidy and satellite chromosomes
(Limb et al., 2002). Karyotypic differences may alter the way the MIO-M1 cell line
functions when compared to in vivo physiological functions. Additionally, they are a
homogenous population and do not display heterogeneity in receptor expression

that may otherwise be found in primary cultures or in vivo.

Alternate immortalised Miiller cell lines are primarily derived from rodent species
including:
(i) Rat: rMC-1 (Sarthy et al., 1998); TR-MUL (Tomi et al., 2003; Hosoya and
Tomi, 2005) and SIRMu-1 (Kittipassorn et al., 2019)
(ii) Murine: ImM10 (Otteson and Phillips et al., 2010) and QMMucC-1
(Augustine et al., 2018).
Each Miller cell line expressed its own characteristics and on the basis of these

characteristics are used by researchers to study different cell functions.
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Miiller cell  Animal Characteristics Research advantages

line
MIO-M1 cells Human Express: sex determining region Useful for studying glial reprogramming
Y-box 2 (SOX 2); paired box 6 and progenitor behaviors
(PAX 6) and Notch 1.
Form neurospheres in ECM with
fibroblast growth factor 2.

rMcC-1 Rat Express: high levels of GFAP and Useful for studying NMDA regulation
alanine, serine, cysteine
transporter 2 (ASCT-2)

ImM10 Mouse Form neurospheres Useful for studying progenitor behaviors

QMMuC-1 Mouse Maintain electrophysiological Useful for studying electrophysiological
characteristics responses

Table 6.1: Characteristics of Miiller cell lines (Text contained adapted from information presented in

Augustine et al., 2018).

6.3.1 P2X7R gene polymorphisms and post-transcriptional regulation

The P2X7R gene is highly polymorphic. Variation in the P2X7R gene DNA sequence
can occur because of single nucleotide polymorphisms (SNPs), sequence repeats,
recombination and point insertions or deletions. SNPs are widespread in the human
P2X7R genes, with over 13,000 identified (Roger et al., 2010; Sperlagh and llles, 2014;
Di Virgilio et al., 2017; Sluyter, 2017). P2X7R polymorphisms are associated with
different health conditions and altered receptor functions (Caseley et al., 2014):
receptor functions examined include effects on Ca?* influx, ATP evoked currents, dye-
uptake and pore formation (table 6.2). Some P2X7R variants express altered IL-1
expression and release when compared to the wild-type: the E496A variant has
increased ATP induced IL-1B release when compared with the wild-type (Wesselius
et al., 2012). MIO-M1 cells are a homogenous cell line population and may express
P2X7R polymorphism(s) that alters these receptor functions when compared to the

wild-type.
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Polymorphic variant

Change(s) in P2X7R function

Change in nucleotide sequence
A76V
From alanine to valine at position 76

V76A
From valine to alanine at position 76

G150R
From glycine to arginine at position 150

H155Y
From histidine to tyrosine at position 155

R270H
From arginine to histidine at position 270

A348T
From alanine to threonine at position 348

Q460R
From glutamine to arginine at position 460

E496A

From glutamic acid to alanine at position 496

I1568N

From isoleucine to asparagine at position 568

Increase Ca?* influx

Increase ATP evoked currents

Increased dye-uptake when stimulated with ATP
Reduced functional activity®

Reduced Ca?* influx

Reduced ATP evoked currents

Reduced dye-uptake when stimulated with ATP
No change in ATP sensitivity
Increased functional activity?®3

No ATP evoked currents

Reduced dye-uptake when stimulated with ATP
Reduced to no pore formation3%*

Increased Ca?* influx

Increases ATP evoked currents

Increased dye-uptake when stimulated with ATP
No change in ATP sensitivity >&®

Increased P2X7R expression on the cell suface”?
Increased dye-uptake when stimulated with ATP
Reduced functional activity to no functional
activity°

Increase ATP evoked currents

Increased dye uptake

No effect on ATP sensitivity

Increased P2X7R expression &0

No change in ATP evoked currents

Equivocal evidence on changes in dye uptake
Equivocal evidence on changes in pore formation
No significant effect on receptor function®>*®
Equivocal evidence on changes in ATP evoked
currents® 1!

Reduced dye-uptake

Reduced pore-formation

No functional activity at low density expression,
unchanged functional activity at high density
expression” 12

Reduced to no ATP evoked currents® 13

No dye uptake?

1. Oyanguren-Desez et al., 2011; 2. Roger et al., 2010; 3. Stokes et al., 2010; 4. Denlinger et al., 2006;
5. Portales-Cervantes et al., 2012; 6. Cabrini et al., 2005; 7. Bradley et al., 2011; 8. Ursu et al., 2014; 9.

Spildrejorde et al., 2013; 10. Li et al., 2012; 11. Boldt et al., 2003; 12. Sluyter et al., 2004; 13. Wiley e
al., 2003
Table 6.2: Common P2X7R gene polymorphisms and associated changes in receptor function (Text

contained adapted from information presented in Caseley et al., 2014).
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Post-transcriptional regulation of P2X7R occurs by two main mechanisms splicing and
microRNAs (miRNAs). P2X7R has multiple splice variants, P2X7A-J and P2X7-V3 (Feng
et al., 2006 and Cheewatrakoolpong et al., 2005). P2X7R splice isoforms are
generated by the inclusion or exclusion of exons or genetic regions. P2X7RA is the
‘full-length” mRNA code for the complete protein (Benzaquen et al., 2019). P2X7RB,
E, G, I and J code for a truncated protein (Feng et al., 2006 and Cheewatrakoolpong
et al., 2005). P2X7RB is the only variant to function as a small ion channel and exerts
a dominant positive influence at the wild-type receptor (Adinolfi et al., 2010; Giuliani
et al., 2014). P2X7RJ and P2X7R-V3 code non-functional proteins (Feng et al., 2006
and Cheewatrakoolpong et al., 2005). MIO-M1 cells are an immortalised cell-line and
single-cell lines tend to express a predominant splice variant rather than a range of

variants.

6.3.2 Purinergic signalling is a promiscuous system

Nearly all human retinal cells: (i) release nucleotides and nucleosides; (ii) contain
nucleotide and nucleoside metabolising enzymes; (iii) express nucleotide or
nucleoside transporters and (iv) express multiple types of purinergic receptor
(Sanderson et al., 2014). In this way, one nucleotide or nucleoside released in the
retina can activate directly, or by its enzymatic degradation products, a multitude of
purinergic receptors in an autocrine and paracrine manner. Complexity of retinal cell
purinomes is not fully appreciated in this thesis research which focuses on a single
retinal cell type and isolates a specific P2-receptor by using a combination of
synthetic agonists or antagonists. /n vivo endogenous purinergic agonists will act in
an autocrine and paracrine manner on Miller cells activating several purinergic
receptors on the cell and surrounding retinal cells causing several downstream
effects, some of which will be neuroprotective and others which will be

neurodegenerative.

6.4 Future Work
Research presented in the earlier part of this thesis focused on identification of the

P2 receptor profile (P2X7, P2Y1, P2Y4, P2Y12 and P2Y14 receptors) and IL-1R1 in the
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MIO-M1 cell model of human Miller cells. Further Immunohistochemistry
experiments would localise the P2 receptors and IL-1R1 in the MIO-M1 cell. It would
also be important to use immunohistochemistry to determine whether expression is

seen in Muller cells in the human retina.

It is the first time that P2Y14R has been identified in the MIO-M1 or any retinal cell
type. The presence of P2Y4R is also indicated for the first time in Muller cells,
although confirmation of functional expression of this receptor is difficult due to the
lack of selective pharmacological tools. P2Y14R expression is limited to certain
tissues; it has previously been identified in other neuronal tissues (Wang and Duan,
2021), where it has roles in inflammation, such as recruitment of immune cells
(Fosters et al., 2021; Sesma et al., 2016 and Gao et al., 2013). Other groups have
found that P2YsR also has roles in neuroinflammation and suppression of
inflammatory cytokines (Zhou et al., 2019). It would be interesting to see if P2Y4R and

P2Y14R are involved in the regulation of inflammatory cytokines in the human retina.

Presented as part of this thesis research is a pro-inflammatory IL-1B and anti-
inflammatory IL-10 axis (figure 6.1). There may be other pro- or anti-inflammatory
cytokines within this axis. In cardiac and renal tissue there is a pro-inflammatory TNF-
a and anti-inflammatory IL-10 axis (Stenvinkal et al., 2005). IL-10 down regulates TNF-
a production (Stenvinkal et al., 2005). To explore this further immunohistochemistry
of HORC tissue and/or retinal cells would identify which retinal cell types express the
IL-10R and where in the cell(s) it is localised. Similarly, the effect of TNF-a stimulation
of human Miiller cell IL-10 production could be investigated with PCR and ELISA. IL-
1B binds to IL-1R1 and through predominantly PI3K downstream signalling pathways
increases IL-10 expression. IL-la binds to IL-1R1 also and initiates the same
downstream signalling pathways: leading to the research question ‘does IL-1a

stimulation of human Miiller cells upregulate IL-10 production?’.

ATP increased /L-18 mRNA expression in the MIO-M1 model of human Miiller cells.
No subsequent protein release was detected under these experimental conditions.

ATP induced /L-18 mRNA expression occurred in a pathway independent of the

176



P2X7R. Further research is needed to identify the P2-receptor(s) which mediate this
observed upregulation of /L-18 mRNA, this may show that ATP could both prime the

cells by upregulating mRNA and cause protein release.

MIO-M1 cells were used as a cell-model for human Miiller cells. As discussed
previously, MIO-M1 cells may have a P2X7R polymorphism and flow cytometry could
help identify any common variant. Results obtained in this thesis indicate the P2X7R
in the MIO-M1 cell model of human Miiller cells functions as a small cation channel

and is not capable of pore-formation.

It would be of interest to compare some of the results obtained in MIO-M1 cells with
primary human Miller cells. Whilst completing this thesis, a protocol was developed
for extracting primary Miller cells from retinal tissue (appendix 1), which was
successful with porcine retina, however the human retinal tissue available at that
time was too many hours post-mortem to obtain a viable culture of primary Miller

cells.
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Appendix 1: Isolation of Primary Miiller Cells from Porcine

Retina

Appendix 1.1 Introduction
Miiller cells are the predominant glial cell in the retina and account for approximately
5% of all retinal cells (Strettoi and Masland, 1995; Jeon et al., 1998). Thesis research
is focussed on purinergic signalling in Miiller cells any role(s) they may have in
glaucomatous neuroinflammation and neurodegeneration. Throughout this thesis
MIO-M1 cells (2.1 MIO-M1 cells) have been used as a model for human Miiller cells,
their advantages and limitations have been discussed previously (6.3.1 The MIO-M1
cell line as a research model for studying human Miiller cells). Primary Miiller cells
are generally the preferred model for research purposes. The following protocol has
been developed to isolate Miiller cells from porcine retinal tissue. Mdller cells have
previously been isolated from rabbit retina using Percoll gradient (Trachtenberg and
Packey, 1983). The Trachtenberg and Packey 1983 methodology has been modified

and incorporated in the protocol below.

Appendix 1.2 Materials and Methods

Appendix 1.2.1 Preparation of a Percoll stock solution and Percoll density
gradients

Stock isotonic Percoll (SIP) and Percoll gradients were prepared in advance. Percoll
(Sigma Aldrich) does not diffuse over time. The SIP was prepared by mixing 1-part
Percoll (undiluted) to 9-parts DPBS (10 x concentration; Invitrogen). The SIP was
diluted to lower densities by adding DPBS (1 x concentration; Invitrogen) as described
in appendix table 1.1 below. Osmolality of the SIP and Percoll densities were checked
regularly with an osmometer (ELITechGroup, Berkhamsted, UK) to ensure
reproducibility between experimental repetitions. Cell density is dependent on

osmolality (Sigma Aldrich, 2022).
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Percoll [EmKelopZ 90% 80% 70% 60% 50% 40% 30% 20% 10%
density
SIP 10 9 8 7 6 5 4 3 2 1

(mL)
DPBS 0 1 2 3 4 5 6 7 8 9
(mL)

Appendix table 1.1: Dilution of stock isotonic Percoll to lower densities

Percoll gradients were assembled in a 5mL tube (Sigma Aldrich). Percoll was slowly
pipetted down the side of the tube to assemble discrete layers. Percoll was layered

from most dense to least dense (appendix figure 1.1).

| east dense

Maost dense

Appendix figure 1.1: Discontinuous Percoll gradient
Schematic diagram representing a discontinuous or ‘step’ Percoll gradient. The SIP is diluted to
different densities (appendix table 1.1). Percoll is layered from most dense to least dense. Percoll

gradients may be assembled with a single step or many steps.

Appendix 1.2.2 Porcine retinal dissection

Porcine eyes were obtained from an abattoir (HG Blake Limited, Norwich) within an
hour of slaughter. Porcine eyes were transported in cold DPBS with 10% antibiotic
antimycotic solution (penicillin, streptomycin and amphotericin B; Sigma Aldrich)
contained within a 50mL falcon tube (Corning). Porcine retinal tissue was dissected
from the remainder of the globe. To gain access to the retina a circumferential ring
of sclera was removed at the ora serrata and the vitreous body removed. The retina

was mechanically detached from the underlying RPE and choroid using gentle

179



traction with Calibri straight forceps, the attachment of the retina at the optic nerve
was cut using Westcott curved tenotomy scissors. Retinal tissue was washed with

1.5mL DPBS to remove any remaining adherent RPE cells.

Appendix 1.2.3 Mechanical and enzymatic digestion of retinal tissue

Retinal tissue was disassociated into a mixed cell suspension through a series of
mechanical and enzymatic digestion steps. Retinal tissue was placed in a 35mm dish
(Corning) containing preheated 0.25% Trypsin-EDTA (Life technologies) and
mechanically chopped with scissors into at least 10 fragments. Retinal fragments in
trypsin were left to enzymatically digest in a humidified incubator at 35°C for 30
minutes. Mechanical trituration of retinal tissue was performed by repeat pipetting
with a P1000 pipette. The cell suspension was centrifuged at 300 x G for 5 min to
form a cell pellet. Supernatant was removed and two washing steps were performed
by re-suspending the cell pellet in DPBS and centrifuging again. The cell suspension
was passed through at 100um cell strainer (Sigma-Aldrich, Merck, Dorset, UK) ready

for experimental use.

Appendix 1.2.4 Loading cell suspension onto Percoll gradient

A volume of 250uL cell suspension was loaded onto a 5mL percoll gradient.
Preliminary experiments were performed using several Percoll gradient iterations
(data not included) and it was determined a Percoll gradient of 70%: 20%: 10%: DPBS
(appendix figure 1.2) was optimal for isolation of Miiller cells from porcine retinal
tissue. The sample was centrifuged at 400 x G for 20 minutes to cause isopycnic
banding of Miiller cells at the 20%:10% Percoll interface. The centrifuge was stopped
with no break to avoid interrupting the percoll interfaces. Percoll solution above the
cell band was gently removed and the cell band was collected. The cells were added
to 5mL of DPBS and were washed twice by centrifuging 200 x G for 10minutes. The
cell pellet was resuspended in 1ImL of DMEM with FBS. The cell suspension was placed

in the centre of a T25 flask (Nunc™) for 1 hour in a humidified incubator at 35°C in
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95% air, 5% CO;. The T25 flask was subsequently flooded with 3mL of DMEM with

FBS and left to expand in the incubator until 80-90% confluent.

A400xg, 20 min, no brake

1xDPBS || +M- 1 x DPBS
10% Ak 109
S— Miiller cells
20% 20%
by A Lighter cells and cellular debris
70% 70%

Appendix figure 1.2: Isopycnic banding of retinal cells at percoll interfaces

A Percoll gradient of determined a gradient of 70%: 20%: 10%: DPBS (1mL each density) was
assembled. The retinal cell suspension was applied. Isopycnic banding of cells were located
primarily at the 20%: 10% interface and a lighter band at the 70%: 20% interface. Subsequent
light microscopy showed that the ‘heavy band’ predominantly contained Miiller cells and the

‘lighter band’ contained lighter cells and cellular debris.

Appendix 1.2.5 Cell counting

Once the Miiller cells reached confluence, culture medium was aspirated and cells
washed with DPBS. For cellular detachment 0.25% Trypsin was applied for 5 min
whilst incubating. Trypsin was neutralised by the addition of DMEM with FBS. The
cell suspension was transferred to a 15mL universal tube and centrifuged at 50 x G
for 5 minutes to cause formation of a cell pellet. After removal of the supernatant
the cell pellet was re-suspended in culture medium. Cells were counted with
haemocytometer (Assistant, Sondheim-Rhon, Germany). Concentration of cells

determined by:

Cell concentration (cells/mL) = (Total number of cells in the four large grids/4) x

10,000
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Appendix 1.2.6 Optical microscopy and immunohistochemistry
Phase contrast microscopy (Leica optical microscope, Leica Microsystems, Germany)
images were taken of the porcine Miiller cells at subconfluence and confluence

allowing for morphological assessment.

Porcine Miller cells were cultured on coverslips (Marienfeld, Germany) for
immunostaining. Coverslips were placed in 35mm dish and sterilised in UV light for
20 minutes. Subsequently, 200uL of the cell suspension was placed on the coverslip
and left to expand in a humidified incubator until confluent. Cells were washed with
phosphate buffered saline (PBS) and then fixed with 4% paraformaldehyde
(ThermoFisher) at room temperature for 10 min. Cells were washed a further three
times with PBS. Cell membranes were permeabilised with 1mL of 0.5% NP-40
(ThermoFisher) in PBS for 3 minutes at room temperature and then blocked with 3%
bovine serum albumin (BSA, ThermoFischer) in PBS for 1 hour at room temperature.
The blocking solution was discarded. Cells were incubated with 100uM primary
antibody glutamine synthetase (GS; mouse monoclonal; Millipore, Watford, UK) at a
dilution of 1: 200 in 3% BSA in PBS. Cells were incubated at 4°C overnight. After 3
washes with PBS cells were incubated with the corresponding secondary antibody
Alexa Flour 488 anti-mouse (Invitrogen) at a dilution of 1: 1000 in 3% BSA in PBS. Cells
were incubated at room temperature for 1 hour. After 3 washes with PBS the
coverslips were mounted with Histomount (Invitrogen) onto glass slides and stored
in the dark. Fluorescent images were obtained with Zeiss Axiovert (Carl Zeiss

Microscopy).

Appendix 1.3 Results

Appendix 1.3.1 Cell yield
One porcine retina yielded a primary culture containing 730,000 Miiller cells at the

first passage, as assessed with the haemocytometer (182, 500 cells/mL, n=1).
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Appendix 1.3.2 Identification of isolated Miiller cells with optical microscopy and
immunofluorescence

Phase contrast microscopy (PCM) images of subconfluent and confluent porcine
Miller cells (appendix figure 1.3 A & B) showed what macroscopically appear to be a
homogenous population of spindle-like cells similar in appearances to subconfluent
and confluent MIO-M1 cells (figure 2.1). Immunofluorescence images (appendix
figure 1.3 C & D) show co-staining with Hoechst (blue, nuclear DNA) and GS (green,

Miiller glial cell marker) identifying isolated cells as Mdiller cells.

A. B.

Appendix figure 1.3: Optical microscopy (A & B) and immunofluorescence (C & D) images of
primary porcine Miiller cell culture

PCM images of a subconfluent (A) and confluent (B) monolayer of primary porcine Miiller cells
showing spindle morphology, similar in appearances to MIO-M1 cells in culture. Immunofluorescent
images (C & D) showing co-staining with the nuclear stain Hoechst (blue) and the Miiller cell marker

GS (green). Scale illustrates 100uM.
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Appendix 1.4 Discussion
Presented is a protocol for isolating Miiller cells from porcine retinal tissue using a

Percoll gradient. Percoll is a silica-based colloid ideal for the separation of cells:

(i) It is non-toxic and sterile (Sigma Aldrich, 2022)

(ii) It has a low osmolality (<25 mOsm/kg H,0) and can form a density gradient
without forming an osmolality gradient (Sigma Aldrich, 2022)

(iii) It is more economical than other methods of cell separation such as

fluorescence activated cell sorting (FACS; Zhong et al., 2021).

Whilst developing the presented protocol, several iterations of percoll gradients were
assembled and trialled (research not presented). A percoll density step of 20%:10%
consistently produced a “heavy band”, optical microscopy showed a population of
predominantly Miller cells. Interestingly a density step of 20%: 10% was more
effective at isolating Miiller cells than a 25%: 20% step and a 20%: DPBS step. A
minimum volume of 1mL of each percoll density was required for effective isolation
of Miller cells. A percoll gradient of three interfaces (70%: 20%: 10%: DPBS) was
more effective at isolating Miiller cells than one with two (70%: 20%: 10% or 20%:
10%: DPBS) or one (20%: 10%) interface. Future work would involve quantification

of these observations.

Similarly, 40uM, 70uM and 100uM cell strainers were trialled (research not
presented). The 100uM cell strainer was more effective at producing a population of
Miiller cells, as these are approximately 100uM in the mammalian retina, larger than
other retinal cell types (Labin et al., 2014). Pereiro et al., showed a significant
increase in the number of porcine Miiller cells isolated when papain was used for
enzymatic digestion of retinal tissue compared with trypsin (Pereiro et al., 2020),

although this was not trialled when developing the protocol presented above.
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The presented protocol demonstrated a relatively high yield of cells at 182, 500
cells/mL, compared to another published porcine Muller cell isolation protocol

yielding 14,083.59 + 2,635.36 cells/cm? (Pereiro et al., 2020).

Optical microscopy and immunofluorescence showed a homogenous population of a
retinal cell type, macroscopically resembling Miller cells and staining with the Miiller
cell marker GS. Other glial cells such as astrocytes and microglia also express GS so
ideally immunohistochemistry should be performed for an additional Miller cell
marker such as GFAP, Vimentin and CRALBP. A preliminary experiment to identify
isolated cells as Miller cells using flow cytometry was also performed (data not
shown) which if repeated in future would further demonstrate the effectiveness of

this protocol.
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