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Summary

Glaucoma is an optic neuropathy characterised by the loss of retinal gangliofRBI®).
Dendritic atrophy occurs early in the disease, prior to soma and axonal degeneration. RGCs
exhibit reduced branching density and dendritic field size. This thesis seekstter fur
characterise dendritic atrophy in glaucoma in the context of two external fathatsmay
contribute to the disease pathologyimmune system effects mediated via complement and

the influence of the perineuronal net (PNN), a specialised extracellular matrix thatisds

RGCs. RGC morphology was investigated in a rat bead model of experimental glasiogn
ballistic labelling techniques; morphological changes were related to sigriaps and PNN
composition using immunohistochemistry. A model was derived for the fitaggin of
diseased RGCs in order to prevent labelling bias in subsequent investigations. The immune
system was modulated using a complement inhibitor (using a transgenic mouse and
pharmacological agent in rats) and PNNs disrupted using the bacterial enzyme
Chondroitinase ABC. Experimental glaucoma caused significant dendritic logsanvéh
protection conferred by both complement inhibition and PNN digestiémalysis of retinal
sections also revealed partial protection of synapses. PNNs did not slyashanges in their
composition in the rat in experimental glaucoma but human glaucoma eyeseshow
increased glycosaminoglycan sulphation in the RGC layer which was correlated with visual
deficit. Manipulation of the RGC external environment therefore proved successful

protecting from dendritic atrophy.
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Chapter 1: Introduction

1.1 The Neural Retina

1.1.1 Retinal cannectivity

The vertebrae retina is organised into three cellular layers, intersected bysyvaptic
layers. Six distinct neural cell types occupy and form synapses in these separat@aljers
et al. 2001). The outermost layer, known as the outer nuclear layer (ONL), contains the ligh
sensitive photoreceptors (Dowling 2012). Photoreceptors have well defietear and
outer segment portions, the latter where phototransduction is initiated. ¥lerae retina
contain two different types of photoreceptors (rods and cones) in vangtigs and spatial
organisations (Curciet al. 1987; Ahnelt 1998). The inner nuclear layer (INL) sits at the
middle of the retina and contains the cell bodies of bipolar cells, hai@taells, amacrine
cells and interplexiform cells (Dowling 2012). Bipolar cells extend dendrites ththadNL
making synaptic contacts with invaginations of the photoreceptors in the mdast
synaptic layer, the outer plexiform layer (OPL) (Kolb 1970), ancimitier plexiform layer
(IPL) their axons synapse with retinal ganglion cells (RGC) dendrites (Famigliéttliand
1976). The RGC cell bodies occupy the most inner nuclear layer, known as the gasiglion
layer (GCL), the axons of which extend into a discrete nerve fibre layer (NFL)therich
traverse and exit the retina at the optic nerve head (ONH), bundling to form thergrtie
(Dowling 2012). Visual information transfers vertically through the retiagérs in a
centrifugal manner through photoreceptors, bipolar cells and RGCs as well amtailyzo
and in reverse, as feedback and modulation. Horizontal cells lie at the border of the INL and
extend processes horizontally to synapse with photoreceptors (Stefl; Wighelt and Kolb
1994) and bipolar cells creating feedback interactiqiVerblin 2010; Dowling 2012)
Interplexiform cells, as suggested by their name, ramify in both plexifaymrs, their
function is not well understood but they appear to receive input framacrine cells and

feed back to bipolar and horizontal cells (Kolb and West 1977). Areawells represent a
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very diverse class of neurone; they do not poses an axon, however their processes can both
receive and make synapses, characteristics of both dendrites and axons respectively
(Dowling and Boycott 1966). They ramify either diffusely or in distagtrs of the IPL (Kolb

et al. 1981). Amacrine cells make synaptic contact with RGCs (Taylor 19689aLi2000;
Flores-Herret al. 2001) and bipolar cells (McGilleat al. 2000); their contribution to the
horizontal transfer of information can be seen in a type that extend proceasazlly to

over 3mm in distance (Dowling 2012)

The displacement of cells from the layer in which they are normally fasirmbmmon.
Bipolar and horizontal cells are sometimes found in the ONL (Dowling 2012 gahdlion

cells have also been observed in the INL (Buhl and Dann 1988etlabri998; Dowling
2012). The occurrence of displaced amacrines is far greater; a substantial population can be
found in the GCL in almost all vertebrae retinas with the degree of displacement gireate

sub-primate species (Perry and Walker 1980; Muglteal. 2007).

1.1.2 Retinal laminae

Synapses in the OPL occur on the invaginations of the photoreceptors and areaiasipl
nature (Sjostrand 1958). Conversely, synaptic organisation in theviRlelg varied due to
numerous functionally different subtypes of bipolar cells, amacrine cellR@s (Kolb et

al. 1981; Kolket al. 1992). At its most basic, the centrifugal transfer of visual information in
the retina can be divided into two pathways responding to the presence (Oabsaemce
(OFF) of light (Hartline 1938). The ON aR¢Htathways are represented in separate laminae
of the IPL based on the depth of synaptic contacts (Famiglietti and K@&).1Bhe axon
terminals of ON-bipolar cells terminate proximally in IPL, fognthe ON-sublamia
(sublamina b) while EFbipolar cells terminate in the distal IPL forming the OFF-sublamina

(sublamina a) (Famiglietti and Kolb 1976). RGCs also follow this pattern, their dendrites



ramifying in a planar nature in either the ON or OFF sublamiae (or both in bisttagipes),
and thus confer an ON or OFF nature to the RGC (Famiglietti and Kolb 18&6ai
Dacheux 1976; Kolb and Nelson 1993). Planar amacrine cells alsp irathi@ ON or OFF
sublaminae, while diffuse types spread through both (Kolb et al. 198i9 organisation is

displayed in figure 1.1.
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Figurel.1 Retinal laminaeThe ON (red) and OFF (blue) parallel pathways are divided into distinct laybe IPL. Here bipolar cell axons terminate in the according layer
where they synapse with the dendritic arbours of RGCs andecd@il or OFF response characteristics to that RGC. Bi-stratified RG@=) (mogive input from both
pathways. Amacrine cells will ramify in either starter or diffusely betwéenwo.



1.2 The Non-Neural Retina

1.2.1 dial cells

The retina contains three glial cell types that provide the neuronal cells with mechanical
support, metabolic support and removal of cell/debris (Dowling 2012)ldviéells span the
width of the retina, extending from the inner limiting membrane at the ONL/inner segment
border to the inner limiting membrane/NFL border. They have numeroues rioicluding
providing metabolic support, maintaining potassium homeostasis, protgctirom
glutamate toxicity through reuptake and facilitating connections in the IPL (Reiable@ind
Bringmann 2013). Microglia, which are found throughout the retina, moniteuronal
integrity (Nimmerjahnet al. 2005) providing phagocytosis of damaged neural cells.
Astrocytes, the support cells of the brain, are found to a small extent in the retina. They are
far more extensive in the ONH, migrating from the brain in development (Ncetoa.
1992). Here, they wrap around RGC axons providing metabolic and structural support
potassium homeostasis and form the basis of a blood-brain barrier in the mgrve (Stone

et al. 1995). The response and resolution of insult is also a role of glialhmellsyer their
activation, pro-inflammatory cytokine release and cell recruitment can lead to alierran
damage, a feature of retinal disease that is now coming to the fore (Johetsah2007;

Tezel and Wax 2007).

1.2.1 Rerineuronal nets

In 1898 Camillo Golgi presented his findings following investigatfoneurons using his

Zo | E S3]lvix , E Z . E] §Z }EP v oo AZz] z v}A E -
communication gave equal attention to the external surface of the neurons where he
described‘a delicate covering, mainly reticular in structure, but also in the form of tiny tiled

scales or an interrupted envelope, which surrounds the cell body of all celfseand

}v8lvu ¢ o}vP 3Z 1E % E} S Haolgi1898; Galg 1989) wolgi had described



the perineuronal net (PNN), a specialised form of extracellular matrix (ECM) iiouhe

CNS which surround the surface of neurons and extend out into the neuropil. PNNs
surrounding RGCs in the retina are now evident (Ageinal. 1984; Pastran&t al. 2006)

Long believed to be a static structure, the PNN is how understood to be dyndisplaying

roles in synaptic formation, functioning and plasticity in the adahtal nervous system

(CNS) (Wang and Fawcett 2012; Berrettal. 2015)

1.2.1.1 ANN dructure and chemistry

PNNs are composed of proteoglycans (PG), glycosaminoglycans (GABK grdteins
(summarised in figure 1.2Jhe GAG Hyaluronan forms the backbone of the PNN, to which
PGs of the lectican family attach via link proteins (Caterson 2@i#3scin-R binds up to

three lecticans together at their terminal domain (Galtrey and Fawcett 200%re are four
lecticans found in PNN§ aggrecan, brevican, neurocan and versican, which vary in their
overall length and the length of their GAG attachments (Yamaguchi 2000). Aggrecandis fo

on all PNN-positive neurons, while the presence of the other lecticans varieagamo
neuronal types (Berretta et al. 2015). In the retina the presence of the CNSecticans
neurocan (Inatanet al. 1999) and brevican (Inatani and Tanihara 2002) as well as the more
ubiquitous aggrecan and versican (Mileval. 1998b) have also been detected. A dense
surround of Chondroitin Sulphate (CS) PGs can be seen around RGCs when labelled
immunohistochemically (Aquino et al. 1984) whiMisteria floribunda(WFA) which is
immunoreactive to PNNs also labels RGCs (Pastrana et al. 3806 residues on the core
lectican allow for the attachment of GAG side chainsviZzo]vl P & P]}v[ AZ] Z }u%C
a 4 sugar sequence (xylose, galactose (Gal), Gal, glucuronic acid (GIcA) respectively). The
GAG chains elongate from this linkage region as repeating disaccharide units consisting of a
hexosamine (glucosamine or galactosamine) and either galactose orramc uacid

(glucuronic acid or iduronic acid). The disaccharide unit is native to one wigtosips:



Chondroitin Sulphate (CS)/Dermatan Sulphate (DS), Hyaluronan, Heparan Sulphatel (HS)
Keratan Sulphate (KS) (Caterson 20T2jese are summarised in figure 1.2. There are
numerous sulphotransferases involved in GAG synthesis which add sulphate residues to the
2-, 4- and 6-hydroxyl groups of various sugars; for CS/DS, sulphate residbesachied to

the 4-/and or 6-hydroxyl group of N-acetylgalactosamine producings@#d C-6-S groups.
Sugr modification by the addition of carboxyl groups and sulphation furthereisses the
potential combinations within a GAG chain such that a CS/DS glycan of 10 umpitedizce

1008 combinations (Cummings 2009). These units create varying spatial doestaf
negatively charged groups which produce diverse binding sites for chemokines, growth

factors and cell surface molecules



@D Brevican
@D Aggrecan
/"0 Neurocan
@D Versican
OO0 Hyaluronan
00000000 CS GAGs
gk Link protein
88  Tenescin-R

@ Lectican core

0 ‘Linkage’ region
Glucuronic acid
N-acetyl-Glucosamine
Galactose
N-acetyl-Galactosamine
Iduronic acid

C-4 Sulphation
C-6 Sulphation

®eeoDOo@O

HS

Figure 1.2 PNN structure®NNs are comprise of a hyaluronan backbone to which lecticans attatihkvproteins. The lecticans exhibit different properties due teirth
varying number and length of GAG chain attachmeht@se chains are either Keratan Sulphate (KS), Chondroitin SulpBat®é@matan Sulphate (DS) or Heparan Sulphate
(HS) which comprise distinct disaccharide units. The potential sulphatbdifications (of 4- and/or 6-hydroxyl groups) are represented lgyptesence of 6S or 4S.
Hyaluronan (HA) is the only GAG that is never sulphated arsbiseal attached to a lectican core, but rather forms the backboné@RNN. Adapted from Caterson (2012).
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1.2.1.2 The developing ONS

The components of the PNN play important roles in neuronal maturation, axiolamre

and synaptogenesis in the developing CNS. The diversity and spatio-temporal expoéssi
these molecules means that CSPGs have been shown to increase axon elongationefLander
al. 198) as well as inhibit neurite outgrowth (Cole and McCabe 1991; Gretnait 1993)

while C-4-S has been demonstrated as a negative guidance cue in axonal ctéiamiy

et al. 2008). In the retina CS expression recedes from the centre, coinciding with RGC
differentiation, axon growth and fasciculation towards the optic fissure. This CS gradient
may act as a guidance cue (Brittisal. 1992). The importance of PNNs in synaptogenesis is
demonstrated by dark rearing (which prolongs the critical period in the visutx)pin
rodents (Pizzorusset al. 2002; Carullet al. 2010) dark rearing has been shown to prevent
PNN formation as well as downregulate expression of various synthasedNNf P
components. Sensory deprivation through whisker removal also reduces PNN formation
(McRaeet al. 2007; Nakamurat al. 2009) These findings demonstrate the importance of

PNN formation in activity driven synaptogenesis.

1.2.1.3 FPNrole in the adult ONS

The end of the critical period coincides with changes to the composition of PNNs.rat the
retina this maturation has been observed by the decrease of neurocan immunoreactivity to
barely detectable levels in the inner retinal layers by postnatal day 42 (Inatanil&9g)

The formation of PNNSs in the brain coincides with the ending of synegfiiement (Blue

and Parnavelas 1983) and myelination (Ishigetral. 1991; Braueet al.2000) in a number

of CNS regions (Dityateat al. 2007; McRae et al. 2007) and is thought to stabilise the
favourable synaptic connections made during the critical period. CSPGs and teraascin h
been shown to repel neuronal processes and are therefore thought to act as a barrier to

further synaptogenesis in the adult CNS (Faisshat.1988; Morgantet al.1990). Removal
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of PNNs by enzymatic digestion (Pizzorustsal. 2002) or genetic deletion (Carudt al.
2010) extends the critical period and allows for increased synaptogenesisrdnashced
developmental plasticity. In the former study, this plasticity was achieved in adufiaésn

The PNN components form perisynaptic condensations with the pre- and posttsynap
terminals of neurons. Here the PNN can regulate synapses through controlliaptisyn
trafficking of receptors and restrict the mobility of neurotransmitters (Frischknettl.
2009) This is exemplified by the role of PNNs in memory plasticityyniatic digestion
(Bukaloet al. 2001), genetically induced deficiency (Saghateltaal. 2001) and antibody
targeted inhibition (Brakebuscét al.2002)of PNNs hae been shown to reduce long-term
potentiation (LTP) and long-term depression (LTD) in hippocampal meuomponents of

the PNN also influence voltage gated calcium channel activity; their disrup®iden
shown to impair LTP (Evess al. 2002). As such enzymatic digestion of PNNs can enhance
object recognition in rodents through LTD (Rombet@l. 2013) and improve water maz
performance (Leet al. 2012) Canditioned fear memories, which are governed by LTP and
LDP (Nabawet al. 2014), are protected from extinction-induced erasure by PNNs; when
PNNs are rem@ad enzymaticail the fear memories can be erased (Gogataal. 2009).
These studies show that PNNs therefore influence both synaptic and structural plasticity.
PNNs bind and aid in the sequestration of neurotrophins (e.g. Fibroblast growth fanctor
transforming growth factort (Milev et al. 1998c)) and transcription factors and so prevent
further neuronal growth (Wang and Fawcett 2012). The highly negative charge generated
by the numerous sulphated GAG chains also maintains ionic balancesrautans local
environment (Karetko and Skangiel-Kramska 2009) and so contributes to btatieo

support
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1.2.1.4 FPN and ONSdisease

Abnormalities in the CNS extracellular matrix and PNNs are associated with a rofrGbés
pathologies. Following traumatic brain or spinal cord injury there is an upregulatiCSPGs
associated with the formation of glial scars (Soleneial. 2013) Glial scars represent an
attempt to contain the degenerative inflammatory response (Faullataal. 2004) but also

form a barrier to axonal re-innervation (Bradbury and Carter 2011i¢y are rich in CSPGs
(Solemaret al. 2013) and other PGs such as the neurite repellent semaphorins (Pasterkamp
and Kolodkin 2003)After ischemic stroke injury, the resultant peri-infarct region shows an
upregulation of CSPGs, neurocan, phosphocan, brevican and versican (Fawcett and Asher
1999; Asheeet al.2002; Katsmaet al. 2003; Carmichaedt al. 2005) and thus prevents re-
innervation. However, outside of the infarct, a downregulation of CSPGs amaf IBBENS

has been observed (Katsman et al. 2003; Hobehial. 2005; Karetko-Syszt al.2011) and

may represent and effort to circumvent the infarct and increase compensatory
synaptogenesis. Mutations in genes controlling expression of CNS ECM compemeents
associated with epilepsy (Dityatev 2010). This may be due to the role ofiRKidgilating
appropriate synaptogenesis; in epilepsy, seizures are the result of hyper-excitahiity
abnormal neuronal connectivity (Dityatev 201@pllowing seizure, a reduction of PNN
components hyaluronan, aggrecan, neurocan, phosphocan and Tenascin-R has been
observed (Dityatev and Fellin 2008; McRee al. 2012). This may increase aberrant
synaptogenesis which contributes to the cyclical progression of ¢pdepesis (McRaet

al. 2012). These CNS pathologies demonstrate the inhibitory properties o BiNNtheir

PG components towards neuronal outgrowth and synaptogenesis and provide further

evidence that PNN removal increases plasticity.
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1.3 Mammalian vision, RGChomologues and classffication

The human visual system is often divided into two pathways$’arvocellular and
Magnocellular, each with a distinct class of RGC (Polyak 1941). The former repthsents
output of midget RGCs. These cells have small soma and dendritic fields andp 88 u

of RGCs in the fovea (Peeyal. 1984) where they can connect to a single photoreceptor
(Boycott et al. 1969). These features afford high spatial sensitivity to the Parvocellular
pathway. The Magnocellular pathway comprises the output of parasol RGCs whose dendritic
fields span much larger areas (Perry et al. 1984). This gives the cells a greaber of
photoreceptor connections and so a higher temporal and contrast seitgitParasol RGCs

represent only 10% of total RGCs and are found mostly in the periphery (Perry et al. 1984)

In the study of the rabbit retina in particular, where high acuity is less of a concern than the
detection of movement to this prey species, an interesting RGC type was discovered. These
bi-stratified cells respond to the direction of movement (Barlow and Hill 1963imtmity

% E]%Z E o Ale]}vX dzZ & ]5[* Z]PZ u]3C AJSEVUURE
theorised to come from a different RGC type than its morphological and functional
homologue in the primate. Here the local edge detector RGCs signal fine sgatiakition,

but through a different mechanism to that of midget type cells (van Wilal. 2006)
Morphological homologues to these RGC types have been uncovered pnirtiete retina

which now boasts 22 described types (Petrustal.2007), one of which, the melanopsin
RGC, is intrinsically photoreceptive and is involved in the circadian rhythm pitldugulight

reflex rather than image forming vision (Berson 200Bygether, Parasol, Midget and small
bi-stratified cells make up 75% of RGCs in the primate peripheral retina (Y atreld2005)

The remaining RGC types therefore represent a small proportion of total cellspiptiaim

in the first instance has therefore proved to be the greatest boundary to their

electrophysiological study. The primary role of vision in various maiamsapecies and its
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relationship to aspects of visual information and neuronal connectivitgrisayed in Table

1.1 below.
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Table 1.1Aspects of mammalian vision

Species Binocular Number of RGCs/ Spatial frequency Ipsilateral Displaced amacrine
field/Visual field peak density cut off* projections (% of | cells (% of total cells ir
(cycles/degree) | total projections) CGL)
Human 140°/200° 700,000-1,500,000/ 64 50% 3% fovea/
150,000 mr 80%/periphery
Non-human primate 140°/200° 900,000-1,500,000/ 46 50% 5-7% fovea/60-84%
(NHP) 140,000 mri periphery
Cat 120°/200° 190,000/ 6 17% 80%
10,000 mmi
Rabbit 24°[360° 250,000-400,000/ 3.4 5% 35%
5,000 mnt
Rat 80°/320° 90,000"-120,0007 1.2 3% 10% 50%
4,000 mnt
Mouse 60°/ 30,000-90,0007 0.5 3% 1096 60%
4,000 mnt

A=albino, P=pigmented, *as determined by behavioural acRgferences: Visual filed (Pettigrew and Sanderson 1886 number (Pettigrew and Sanderson
1986; Pettigrewet al. 1988; Wilkset al.2013) RGC density: Human and NHP (Pereira Carneiro Mtial22014), other (Pettigrew and Sanderson 1986; Pettigrew
et al. 1988). Spatial frequency cut off (Pettigrew and Sanderson 1986; Petigedwl 988) Ipsilateral projections (Wilks et al. 2013)isplacement of amacrine
cells: Human athNHP (Pereira Carneiro Muniz et al. 2014} (Wassleet al. 1987), rabbit (Hughes and Vaney 1980), rat (Perry 1981), mouse (Jeon et al. 1998).
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1.3.1 Sructure function relationship

The functioning of RGCs has partly been elucidated by the study of RGC receptive fields
which has uncovered the relationship between dendritic structure and the functioning of
the cell The area in which a response is elicited from an RGC is termed its receptive field
(Hartline 1938)The RGC receptive field is an elegant description of how retinal connectivity
culminates in single RGC responses through the relationship of RGC function to retinal

structure, cell morphology and synaptic organisation

1.3.1.1 Recepivefield certre

The receptive field centre (RFC) is derived from direct synaptic contact of bipolar csll axon
onto RGC dendrites. As these synapses are always excitatory, the RFC response reflects that
of the underlying bipolar cells and is therefore ON and/or OFF in nature. Stitadricd the

RGC dendrites into either sublamina a or b governs the connection to either OFF or ON
bipolar cells respectively (Famiglietti and Kolb 1976). The RGCs dendritisiZeeid also

close to the spatial extent of the RFC (Brown and Major 1966; Dowling and Bo$66it 1
Amthor et al. 1989b; Yang and Masland 199&2)d reflects the area covered by the bipolar

cell receptive fields. The sensitivity of the RFC is also a function of thdritaedield
architecture. Labelling of post-synaptic density protein-95 (PSD95) int RAE showed

that synaptic density peaked towards the centre of the dendritic field (Jakblhs 2008)

This partially reflects the RFC Gaussian sensitivity profile, although sensitivity draps off
the centre. This is caused by the absence of synapses onto soma and primary dendrites as
shown by serial reconstructions (Stevestsal. 1980; Kolb and Nelson 1993). This drop has
been observed electrophysiologically over the soma centre (Bretad. 2000). Since the
density of synapses per length of dendrite does not vary (Jakobs et al. 2008 patat cell

coverage is uniform across the rabbit retina (Mache#l. 2004), sensitivity should change
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with the density of the dendritic field and peak where the number of synapses persarea i
ZIPZ +38X dZ]e A+ «Z}Av Ju%ps 3]}v (Fe6d et}dE 1998) andZ' -
experimentally in rabbit RGCs; although some large cells showed that sensitivity was not

predicted by dendritic architecture (Brown et al. 2000).

1.3.1.2 Receptive field surround

The mechanisms resulting in the receptive field surround response have provesl mo
difficult to resolve. Three inhibitory effects are now evident, direct inhibitoqyut by
amacrine cells onto RGC dendrites and lateral inhibition pre-synaptic @t both at the
level of the IPL and OPL. Direct inhibitory input reflects RGC dendritic structtine
greatest extent. Evidence for direct inhibition of RGCs comes from voltageiotastpdies
which allow isolation of direct chloride io€l) mediated input. Here, increasing spot stimuli
diameter elicited a greater reduction in the RGC response in the rabbit retina witlale

of gamma-aminobutyric acid (GARAgceptors by bicuculline is suggestive of GABAergic
amacrine mediated inhibition (Flores-Herr et al. 2001). Application of tetmdio, which
blocks action potentials by binding to voltage-gated sodium channelsabbit retina
blocked the surround inhibition in some classes of RGC, implicating the aftgpiking
amacrines in the surround response (Taylor 1999). Amacrine cell inhilotid®GCs is
dependent on the release rate of GABA or glycine, producing either sustained or transient
inhibition through altering Cpermeability. In primate RGCs glycine receptors are distributed
such that their density is greater on distal dendrites compared to proximal dendrites

indicating their role in the inhibitory surround (Lin et al. 2000).
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1.3.2 Mammalian RSC homologues and classification

Many mammalian species appear to share functional homologues of RGC types (summarised
Jvd o iXTeX dZ e Z' e E *%}v 8} §8Z <« u ZSE]PP & ( SpCE |
properties. In the rodent and primate most of the functional RGC types have therefere b

inferred to exist based on morphological similarities to cat and rabbit cells (Sankes

Masland 2015). Within the same species, some morphologically similar types whichdespo

8} 8Z e u Z3E]PP E ( SUE [ Aloo J(( E ]Jv 8Z |E E }p®}ve 0 3
sluggish responses (DeVries 2000; Jacketah. 2009). Midget and parasol cells are easily
differentiated, as are their equivalents of other species. But in the rodent species the overlap
among morphological types is extensive, such that the dendritic field diameter arme

given type encompasses sizes belonging to all other RGC typest (@2002b, a). In the

mouse, morphological discrimination has yielded 22 RGC tymeare than are currently
functionally described (Voelgyet al. 2009); in combination genetic, molecular,
morphological and electrophysiological profiling suggests at leasty@ést (Sanes and

Masland 2015)This highlights a key dilemma in the identification of RGC types imthat

one method can adequately describe the diversity and capture every cell. type
Electrophysiological characterisation and classification does not present a practicalrsolutio

for most studies as the intricate nature of single cell recording does not yield sufficient cells

to study in a time effective manner while multi-array electrodes do ndy fchpture the

range of physiological responses available to RGC types, nor is it condumieilling for

subsequent morphological analysis (Sanes and Masland .2015)
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Table 1.2RGC homologues among mammalian species

Physiological| Cat Rabbit Mouse Rat Macaque | Human
response
On brisk- Kv rlz | rl'i20n | YIG Y/A2 Parasol PlL, P2
transient cell
Off brisk- K(( rlz| rl'11Off | YIG YIAZ /Large Pl, P2
transient cell radiate
cell

On brisk- Kv tly | t 130n | X/? XI? Midget Mp
sustained cell
Off brisk- Off tly t 120ff | XIG X/B2 Midget Ma
sustained cell
Ondirection | On-w On wlip | OnDS/G | ?/C1 ?/Large G
selective moderate
Off-sluggish | Off- w ?21G Guo
sustained
On sluggish- | x On 1G12 ?/C3 ?/Large G0
transient sluggish- very

transient sparse

?
Off sluggish- | { ?1Gs? /G13 ?/C4 ?/Narrow | Gs Gis
transient thorny
On-Off z LED/G 1G3 ?IC4 OonOff G G
phasic/ local phasic/ma
edge ze cell
detector
On-Off } OnOff /Gis ?/Broad G
transient transient/ thorny?
(Sivyer 2002) G
Onoff . ON-Off ON-Off DS| ON-Off ?/Multi-
direction DS/G /G17 DS /D2 | tufted
selective
On-off 1G16 ?/D1 ?/Type VI
nondirection wide field
selective
Melanopsin /G2 ?/Miss- | Giant
expressing classified | sparse
RGE C3
Blue-On ?1Gs /Large bi- | Giy
Yellow-Off stratified
Uniformity ?21Gs /Gs
detector
Z'.e & %] & « ZWZC+]}0}P] 00C + E|E][I[DAR%E}0ZM]] 0vES -« »

detection by only one method and blank no detectioh Although not a physiological response,
Melanopsin expressing RGlsst describes this RGC type. References: Cat (Betsah 1999a;
Bersonet al. 1999b; Isayamat al. 1999; O'Brieret al. 1999; Troy and Shou 2002), Rabbit (Amthor et
al. 1989b, a; He and Masland 1997; Rocldtithl. 2002), Mouse (Sun et al. 2002b; Satral. 2006;
Voelgyi et al. 2009; Sanes and Masland 2015), Rat (Sun et al. 2002a; Heine agtiaP23%1)
Macaque and Human (Demonasterio 1978; Dacey 1993; Yamada et al. 2005; Petrusca et al. 2007).
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1.3.2.1 Morphological dassification

Morphological classification is reliant on the measurement of the soma and dendritic fiel
size, as well as the depth of stratification (Huxlin and Goodchild 1997; Sur2é02b, a;
Coombset al. 2006; Voelgyi et al. 2009 owever, as discussed, in the rodent there is
considerable overlap among types such that classification becomes semi-gueeatiast
measurements are matched to the closest type and often include identification of qiiaditat

( SPE « ]X X " yEACU E u€EalAiil vU@Edrches twistpyw SuEV
(Huxlin and Goodchild 1997)hese criteria do however afford practical advantages over
other techniques in that certain RGC types can be easily identified. ON-OFF dirlctional
selective ganglion cells (DSGC) for example are clearly identified by their bi-stratified
dendritic trees. These parameters are compromised in disease where the dendritic tree is

subject to atrophy and so morphological classification may not be suitable.

1.3.2.2 Immunohistochemical dassification

Antibodies directed against Thymocyte antigen 1 (Thyl) and Brn3 label all RGC types
indiscriminately (Barnstable and Drager 1984; Nadal-Nicetlad. 2009). However, more
recently a number of biomarkers and subtype specific gene expressions have beereidentifi
that can usefully classify RGCs. SIM-32, which labels neurofilament H in RGC smmsas, ax
and dendrites stains group Ra@ore intensely and has been used to differentiate this class
(Sanes and Masland 2015). These cells are specifically labelled in a Kcng4-cre; FfERstop
transgenic mouse where Kcng4 encodes a voltage-gated potassium channel subunit (Duan
et al. 2015) A number of other transgenic mouse lines have now been created which
identify unigue RGC types. Junctional adhesion molecule B (JAM-B) selectivelyegdentif
local edge detector RGCs in TYW3 transgene mice (I8MBR;Thyl-STOR-P)Green
fluorescent protein (GFP) insertion into the SPARC-related protein-containing

immunoglobulin domains 1 (SPIG1) gene (also referred to as Fstl-4) identifi@&sSGN
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which respond preferentially to upwards motion (Yonehart al. 2009) whereas in
Homeobox d10-GFP transgenic mice all ON DSGCs are labelled - those resfmnding
upwards,downward and forward motion (Dhandet al.2013) Other RGC types can also be
discriminated by immunohistochemistry. Anti-melanopsin labels the intrinsically
photosensitive melanopsin RGC in addition to 4 other RGC types which contain trace
amounts of melanopsin (Sanes and Masland 200B)OFF DSGCs can be differentiated by
antibodies directed against cocaine- and amphetamine-regulated transcript (CARE) (K

al. 2011). Immuno-labelling of CART in Thyl-YFP-H mice showed ihdtigirtified cells

are labelled, while the number of CART positive cells (~15%) is roughlytedoeltotal
number of bistratified cells as identified by morphological classification ¢6ah 20023,
Voelgyi et al. 2009). The use of immunohistochemical and gene expression based
classification in disease is also complicated by the expressional changes wafilt¢tybceur

as an early event in pathologies such as glaucoma (Schdaai001; Huangt al. 2006),
while the function of many of these novel genes and proteins are yet unknoatleast

changes to their expression in disease states.

21



1.4 Gauocoma

1.4.1 Cinical etiology ard morbidity

Glaucoma is a disease where retinal ganglion cell death results in a progiessiof vision.
Understanding of the pathophysiology is incomplete, but the disease isiat=®h with a
number of risk factors including ethnicity (Lesieal. 1995; Gordoret al. 2002), myopia
(Suzukiet al. 2006; Cheret al. 2012), family history (TielsaH al. 1994; Leske et al. 1995)
age (Dielemanst al. 1994; Leet al.2003; Peter®t al.2014) and intraoccular pressure (IOP)
(Dielemans et al. 1994; Stewaat al. 2000; Le et al. 2003Llinical diagnosis is primarily
achieved by fundus imaging and visual field testing (i&tra. 2013) IOP is currently the
only modifiable risk factor. High IOP can result from agueous humour outflewation in

the trabecular meshwork (TM) (as in open angle glaucoma) or structural obstruction (as
closed angle glaucoma), however, glaucoma often (in 30-40% of gassshts without
high IOP (Kleiat al.1992; Dielemans et al. 1994) in what is termed normal tensaurcgima
(NTG). Disease onset is insidious with structural changes to the NFLg{Ad2014) and
optic nerve head (Pederson and Anderson 1980) preceding perceptive visuss deBome
cases, but not in others (Maligt al. 2012). Visual loss is progressive and irreversible
(Bengtssoret al.2009), resulting in scotomas with central visual loss typicallyronguater

in the disease (Sihokt al.2007) Treatment, commonly topical application of prostaglandin
analogues, aims to lower IOP and so manage and slow disease progrgssi®r2000;
Higginbothamet al. 2004; Kasst al. 2010). Glaucoma is the second leading cause of
irreversible blindness worldwide and is set to become and increasing healilerbdue to

an ageing population (Resnikadt al. 2004) with 80 million sufferers estimated by 2020
(Quigley and Broman 2006); more than 1 million glaucoma related &g made to the UK

NHS each year (King et al. 2013)
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1.4.2 Animal models of Gaucoma

1.4.2.1 Genetic models

Animal models of glaucoma attempt to replicate RGC damage through the etewhlioP.
Spontaneous development of glaucoma has been noted in a number of sfi€alksret al.
1963; Gelatiet al.1977), the best characterised and defined being the DBA/2J mouse strain.
Mutations in Gpnmb and tyrpl genes cause the dispersion of insguigg(Changpt al. 1999;
Andeason et al. 2002) which blocks TM outflow resulting in a sustained IOP elevation at
roughly 9 months of age (Johat al. 1998). The model shares characteristics with human
glaucoma, namely its age related and variable onset, chronic IOP elevation and cl&6nic R
death (Libbyet al.2005a). In combination with the ease of manipulation of mouse genetics,
the model offers extensive flexibility and exploration of genetic interactions (Haval.
2011). However, the model lacks control over IOP and incurs the expenseraf aganals

some of which will not develop the disease

1.4.2.2 Inducible models

Finer control of IOP elevation onset and duration is afforded by inducimdels of
experimental glaucoma. These models are open to the criticism that they lack they lack
associations with human glaucoma and therefore may involve distinct pathways @Atiab
2005a) (although not to the extent of optic nerve crush models (Kalesretkals2012)).
Inducible models involve the disruption of aqueous humour outflowtiydsy the occlusion

of the TM. Laser induced photocoagulation, the first of such models, prodgabest IOP
increases and offers the fine control of IOP lacking in the spontaneous models (Gaasterl.D
and Kupfer 1974). However, the cost of necessary equipment has been largely unconducive
to its widespread use. The injection of hypertonic saline into the episcleral vessels has
proved the most robust model (Morrisoet al. 1997), but again its use has been limited by

its highly intricate nature. These issues have been overcome through the intracameral
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injection of substances which directly block the TM; the techniques being quickrapk si

to perform. The first of these was devised by Quigley and Addicks (Quigley and A88izks 1
who injected fixed autologous red blood cells into the anterior chamberimagies. The

peak I0OP was considerable and difficult to control, often resulting in corneal a&ctasi
Moreover the anterior chamber was nearly completely filled and so the retina was obscured
from monitoring. The use of microbeads proved more effective (Weber and Ze2604l

partial filling of the anterior chamber allowed for fundus imaging anckd€® was not so
extreme. However, repeat injections (sometimes weekly) were required to sustain IOP as
the beads tended to escape from the TM. A number of variants of the microbead occlusion
model have since been reported in rodents (Urcetial. 2006; Sappingtoet al.2010; Cone

et al.2012; Daet al.2012b; Foxtoret al.2013; Frankforet al.2013; Smedowslet al.2014)

These differ in microbead size and material, injected volume, injection teolra@gd the
inclusion of viscoelastic substances. All models show fairly robust IOP increases
accompanied by axonal loss and RGC death (to varying degrees) however there appears t
be little correlation between the volume of beads injected, the resultant IOP incraade
RGC death (Morgan and Tribble 2015) making inference of glaucomatmesges difficult

The use of ferromagnetic microparticles by Sanesell (2011) allowed for control of bead
dispersion within the anterior chamber by use of a magnet. Beads could be manipinlated

the iridocorneal angle leaving the visual axis clear and allowing for a reducetiomjec

volume. This is particularly salient farvivoimaging and electrophysiological assessment.

1.4.2.3 Bfed of spedesand grain

The size of the mouse globe can be prohibitive to both the injection of kaotumes and

the ease of surgical manipulation. The mouse can also be intractable, particularly where IOP
measurement is concerned, with the necessary anaesthesia a known confounder to

measurement accuracy (Je al. 2000) Coneet al. (2012) showed that even the route of
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anaesthesia can significantly affect the IOP reading with gas (Isoflurane) and irtnagalri
(ketamine/xylazine/acepromazine) anaesthesia producing a difference of 2.2mmHg on
average. The rat offers the possibility of awake IOP measurement which prevent these
effects. The same study investigated the effect of strain on IOP and found signjficantl
greater peak |IORut a lessor susceptibility to RGC death, in C57BL/6 than CD1 mice. In the
rat, magnetic microbead injections following the same protocol produced &fPtleath in

the Brown Norway (Samset al. 2011) and 80% in the Swiss Albino @ail. 2012).
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1.4.3 Rathophysiology

RGCs are an extremely vulnerable cell type. The cells have a high energy demtmtheir
highly active spiking (Zador 1998; Laughlin 2001) and unmyelinatexhrefaxon (Barron

et al. 2004) Any insult that restricts energy can therefore jeopardise the cell. Glaucoma is
idiopathic with respect to current understanding, but appears to result from numerous

homeostatic disruptions leading to RGC atrophy and apoptosis.

1.4.3.1 ONHdisruption

The lamina cribrosa (a mesh like connective tissue structure in the ONH) is believed by many
to be the region where initial insult to RGC axons occurs (Burgatyaie2005; Downt al.

2011). Disk changes are manifest as an excavation of connective tissue and a compression
of lamina sheets (Quiglegt al. 1983) that may be induced by high IOP. This results in
connective tissue remodelling (Hernandeizal. 1990; Fukuchet al. 1992; Fukuchet al.

1994), astrocyte dysfunction (Hernandetizal. 1995; Varela and Hernandez 1997; Neufeld
1999a) and altered blood flow and nutrient supply (Minclderl. 1977). This is theorige

to disrupt RGC structural and homeostatic support. RGC axonal transport has been shown
to be impaired with high IOP (Anderson and Hendrick.A 1974; Quigley and Anderson 1976)
cited as evidence of direct axonal insult through connective tissue compression. These
lamina changes have been replicated in non-human primates (Maadg2007a; Yangt al.

2007b; Robert®t al.2009), however human work require on post-mortem tissue, of which
eyes in the early disease stages are rare (Downs et al. 2011). However, disig ¢sipiso a
feature of NTG and so can occur in the absence of elevated IOP. In these instances, the
dysregulation of blood flow in the ONH could lead to a similar pathoploggi that &
triggered at a lower level of IOP (Anderson 2011). Alternatively, ischemia gredfresion

injury could occur independelytof IOP and produce the similar clinical presentation of NTG

and primary open angle glaucoma (Anderson 2011).
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Rodent and rabbit models have demonstrated similar ONH disruption despitgbtience

of a comparable lamina cribrosa in these species (Morretaa. 1995; Morcos and Chan-
Ling 2000). ONH astrocyte proliferation, extracellular matrix remode{liohnsonet al.
2000) and axonal transport disruption (Martet al. 2006; Salinas-Navarret al. 2010;
Chidlow et al. 2011) have been observed. However in other studies axonal transport
disruption is minimal or absent (Bunt-Milagh al. 1987; Dai et al. 2012b; Abbait al.2014)

In these animals direct mechanical injury to axons is unlikely, and setheval of axon
homeostatic support appears more culpable. This is supported by the partialcfioyteo
RGCs conferred by the transplantation of olfactory ensheathing cells into the ©NH t
provided glial-like support to RGCs where ONH astrocytic processes have re{faaiet

al. 2012a)

1.4.3.2 Lack of Neurotrophic support

High IOP has been shown to disrupt axoplasmic transport (Anderson and Hendrick,A 197
Quigley and Anderson 1976; Martin et al. 2006; Salinas-Navarro 20H0; Chidlow et al.
2011), in particular that of brain derived neurotrophic factor (BDNF) (Petsé 2000;
Quigleyet al.2000). BDNF is a neurotrophic factor which has been shown to promdie RG
survival when exogenously applied in vitro (Johnsbtal. 1986; Thanogt al. 1989) and in

vivo (Mansourrobaeyet al. 1992; Mey and Thanos 1993; Peinado-Ramial. 1996; Chen

and Weber 2001). Axonal compression is thought to prevent retrograde tranepBDNF
complexed with its receptor (Tyrosine receptor kinase B (TrkB)) from RGC innervation
targets in the CNS. High IOP results in the accumulation of TrkB postetier@NH (Pease

et al. 2000). Activation of TrkB leads to RGC survival through downstreaailisgyn
pathways involving PI3K/Akt and Erk1/2 (Chen and Weber 2004). Blockade of transport

would therefore lead to RGC death through the attenuation of survival signalling.
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However this is complicated by the findings of retinal and RGC TrkB expr@stsomeet al.

1993; Ugolinet al. 1995; Vecinet al. 1998), even following glaucomatous injury (Eual.
2002), and evidence of endogenous BDNF produced locally in the (elimaog and von
Bartheld 1998; Cui et al. 2002; Spaldieigal. 2004; Haradaet d. 2011) and by RGCs
themselves (Vecinet al.2002) This suggests a more complex role of neurotrophic support
in glaucoma. Neurotrophic signalling also appears to have numerousfae opposing
effects. TrkB mRNA variants have been found in the rat retina (Jelsma et &), 4963
variants (which lack an intracellular tyrosine kinase domain) are involved én siinalling
pathways (Baxteet al. 1997; Haapasalet al. 2002) and can competitively inhibit long
variants (Eideet al. 1996). In some instances TrkB signalling can initiate cell death (Hu and

Kalb 2003) as can precursor forms of BDNF €Lak 2001; Tenget al.2005).

1.4.3.3 Immune activation

Microglia are recruited in response to CNS injury and have roles in neurotedtion and
regeneration (Streit 2000). Aberrant microglial responses, in particular the release of
cytotoxic substances (Colton and Gilbert 1987;dtial. 2002), are implicated in a number
of neurodegenerative diseases such asi Z Ju diE¢ase (Meyer-Luehmaret al. 2008)
and W ( |] veisedse (Teismarat al.2003). Glial activation in chronic glaucoma has been
detected in the ONH (as above 1.4.3.2) and retina in the human (\Waalg2002), non-
human primates (Taniharat al. 1997), rat (Wangt al. 2000; Naskaet al. 2002; Lanet al.
2003) and mouse (Inman and Horner 2007; Bostal. 2011; Rojast al. 2014) mostly
through glial fibrillary acidic protein (GFAP) immuno-labelling. Thmelinfis of
autoantibodies in glaucoma patients (Betlal. 2013), microglia associated loss of RGCs in
un-operated contralateral eyes in experimental animal models (Kanamioal. 2005;

Ramirezet al. 2010; Gallegoet al. 2012) and progressive RGC loss in animal models
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immunised with heat shock proteins and other retinal antigens (étaat. 2008; Joachinet

al. 2012) is suggestive of a systemic immune response in glaucoma. Fuartties, T-
lymphocytes taken from glaucomatous mice and transferred into tail veins of padty
control animals cause the loss of RAGdhese animals, retinas showed no signs of uveitis
or other gross inflammatory change, and only a low frequency of activated microgtia whi
were observed in contact with transferred lymphocytes that had migrated into the retia

(Gramlichet al.2015)

Microarray analysis (Ahmest al. 2004; Howell et al. 2011) and quantitative PCR (Agudo

al. 2008; Johnsoret al. 2011) have implicated immune activation as an early pathogenic
event in glaucoma. In the rat ONH, IL-6 family cytokines undergo a massive lapoggu
(>1500%) accompanied by increased microglia activation-associated genesa and
downregulation of ciliary neurotrophic factor (a glial-proliferation repressor, (Fisehat.
2004)). Astrocyte specific genes, including GFAP are not upregulated (Johnson et al. 2011)
Together these data and others (Sehal. 2010), suggest that immune cell recruitment,
rather than astrocyte reactivity contribute to early RGC damage. In the DBA2J lagicegu

of genes involved in the leukocyte transendothelial migration pathway was foymetede
detectable RGC damage. Radiation treatment protected RGCs from damage in the targeted
eye compared to control. L-selectin ligands were not activated in the tdeatges,
preventing immune cell binding and translocation into the ONH (Hoetekl. 2012)
However, this was not replicated in an inducible model of glaucoma wheratiau
treatment did not significantly reduce axon loss nor alter the infiltration of imencells into

the ONH. This may reflect the differing nature of immune activation in acute andichron

models (Johnsoet al.2015)
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1.4.4 The Canplement system in glaucoma

1.4.4.1 Complement activation

The complement system is a series of circulating proteins that act to enhance immune
system responses. The proteins act in a triggered enzyme cascade to produce 3 effects:
chemotactic recruitment of immune cells, cell opsonisation and cell lysis (Jaretwaly
2001) These effects can target both invading pathogens and native cells for clearance by
the immune system. There are 3 branches of activation in the complement system, which
all converge on the creation of a common convertase (Ricklin and Lambris 2063¢. are

the classical pathway, the mannan-binding lectin (MBL) pathway and the alternative
pathway (Jneway et al. 2001) The complement system is depicted in figure .1.3
Complement proteins are numbered (C1, C2, C3 etc), however this iséan ardheir
discovery not activation. The classical pathway is initiated by the bindingngblement
component 1 (C1) to antigen:antibody complexes or directly to cell surf@dets comprised

of C1q (a lectin of 6 globular heads linked together by a ailigge tail) and a (C1r:C1s)
complex. Binding of more than one of the tails to a cell surface induces arcwifonal
change in the (C1r:C2g)omplex which results in Clr activation and autocatalytic cleavage
of C1s (Ricklin and Lambris 2007; Betlal. 2009). Activated C1s is a serine protease that
cleaves C4 and C2 into 2 fragments. The larger fragments C4b and C2kthéinckibsurface
before combining to generate C4b.C2b, also known as C3 convertase (Jatav&p01)

The MBL pathway uses the MBL protein which is similar in structure to C1q aathsdh
proteases, MASP-1 and MASP-2, which are homologous to C1r and CAtsa{G#07). It
binds specifically to mannose residues which are accessible on pathogen surfacesiént hi

by other sugar groups on vertebrate cells. Binding activates MASP-1 and MASR&/&

C4 and C2, forming C3 convertase as in the classical pathway (Jagtealag001). C3
convertase cleaves C3 into fragments C3a and C3b, these are the most commaor effect

proteins of the complement pathway, and their roles will be discussed later. C3istabe
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spontaneously generated as in the alternative pathway. Spontaneous hydrolysis of the
thioester bond in C3 allows binding of factor B, which is in turn cleaveddga@&nts Ba and

Bb. Bb remains bound to C3 forming the GB8JBb complex, a C3 convertase, which can in
turn generate C3b and C3a (Janeway et al. 2001; Dunkelberger and Sdhg s
amplification process is controlled by complement regulatory proteins dacaglerating
factor (DAF), factor | and factor H which prevent factor B binding to C3b (Derdet and

Song 2010).

1.4.4.2 Complement effector proteins

All 3 pathways converge on the formation of a C3 convertase and the subsequent formation
of fragments C3a and C3b. As C3 convertases formation requires its comportanbotand

to cell surfaces, C3b is subsequently deposited onto the cell surface where it can bind
covalently at up to 1000 molecules per convertase. C3 is the most abundantecoer
protein at a concentration of 1.2mg rh(Janewayet al. 2001). Complement activation
therefore deposits large amounts of C3b onto cell surfaces where it acts as atoeffe
molecule for the initiation of phagocytosis. Complement receptor 1 (CRIessed on
macrophages, monocytes and leukocytes can trigger phagocytosis when bgudab on
cellular surfaces (Woodrufet al. 2010). C3b also binds to C4b.C2b and £O3@H
respectively to form C5 convertase. This cleaves C5 into C5a and C5b fragmerits. This
limited by the availability of free C3b to complex with C3 convertases @@bsragment
formation is more restricted than that of C3 fragments (Janeatagl. 2001). C3a, C4a and
Cbha act as chemokines to enhance immune cell recruitment. These fragments increase
vascular permeability and induce adhesion molecules in the vascular endotheliucaand

act directly on immune cells to enhance adherence to blood vessels, induce rElNfase

and increase expression of complement receptors to amplify phagocytosis (Jaaeaky

2001; DiScipio and Schraufstatter 2007; Woodruff et al. 2028H bound to cell surfaces
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can initiate the formation of the membrane attack complex (MAC). C6, C&n&€80-16
molecules of C9 bind in turn to form a pore, 20 diameter,in the lipid bilayer (Podaokt
al. 1982). This causes the loss of cellular homeostasis as water, ions and othes pakge
freely by diffusion across the pore resulting in cell lysis. This terminal &ffenty initiated
in very few instances, again due to the limited formation of C5 fragments, ainadtstance
is demonstrated by susceptibility to only a few bacterial infections in caseS5e€9

deficiencies (Janewast al. 2001)
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Figure 1.3 The Complement Syste@omplement proteins are cleaved (filled arrows) into protein
fragments either enzymatically as in the classical and MBL pathways,ontaspously in the
alternative pathway. These fragments either form convertases withsegquent complement
proteins, producing the compliment cascade, or act as effector moleculéiseocimmune system
(red). Ca fragments have chemotactic properties, while C3b is aniopsbith tags pathogens and
cellular debris for clearance. The classical pathway is impligat@dumber of neurodegenerative
diseases.
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1.4.4.3 Complement in glaucoma

While the majority of complement proteins are produced in the liverefLal. 2007) the
blood-brain barrier does not render the CNS complement free as there is increasiagey

of compliment production by epithelial and endothelial cells, monoctytes, agtes,
microglia and neurons (Woodrudt al. 2009). RGCs have been shown to produce Cl1q, C3,
and a number of complement receptors (Stevegtsal. 2007; Orsiniet al. 2014) The
synthesis of complement proteins increases in the CNS in injury (Woedmlf2009) and
early complement activation is a feature of a number of neurodegenerative diseases (Wang
et al. 2011; Daborget al.2012) Early activation of the complement system in glaucoma has
been identified in mice (Howell et al. 2011) and rats (Ahmed et al. 2004etkdh2005) by
microarray analysis. C1qg and C3 have been detected at significantly increasedndkel
NFL, GCL and IPL but not in the ONH following experimental glaucomarat drel is
associated with increased GFAP labelling (Kwtlah. 2006) while C1q has also been shown
to co-localised with synapses in the IPL in early DBA2J glaucoma (Stevens &7al. 20
suggesting a role in dendritic and synaptic pruning. In human glaucomatmmgles
complement proteins are detected at higher levels in the retina thanamtrol eyes
including downregulation of complement factor H (Teetlal. 2010), a complement
regulator. In human retina, C1q and C3 staining is co-localised with GFAP inthéGlEand

IPL (Kuehret al. 2006) Clga (the gene encoding the alpha polypeptide of C1q) deficient
DBA2J mice are protected from progression to the later stages of glaucanmzaped to
wild-type animals (Howell et al. 2011), whil}5 sufficient DBA2Js (wild-type DBA2Js are
naturally C5 deficient) suffer earlier onset of severe glaucoma, characterised by increased

RGC loss and axonal damage (Hoetedll. 2013).
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1.4.5 RGCatrophy ard apoptosis

RGCs apoptosis has been demonstrated in both human (Keetgdril997; Cordeiret al.

2011) and experimental (Chaudhaeyal. 1999; Kermeet al.2000; Huangt al.2005; Libby

et al. 2005a; Calandrelkt al.2007) glaucoma. It is increasingly clear that apoptosis in other
CNS neuropathies is compartmentalised with axon, soma and dendrites degenerating
differentially through local pathways (Mattson and Duan 1999; Coleman and Pe02;
Williamset al. 2006). This is true in glaucoma (Whitmarteal. 2005) with axonal, somatic

and dendritic degeneration occurring at distinct times points in disease progression.

1.4.5.1 Axonal degereration

Axon loss in human glaucoma is evident from axon counts in the rgatie (Quigleyet al.
1982) and RNFL thinning (Bowetal. 2000). Both features are reproduced in experimental
glaucoma models in non-human primates (@ukl.2012), rat (Chauhaet al.2002; Abbott

et al. 2014) and mouse (Schlarapal. 2006; Buckingharet al. 2008; Liuvet al. 2014) while
axon loss is also reported in other species (Brakd. 1995). Damage and loss of axons has
been shown to precede soma loss (Buckingham et al. 2008;e¢5ata2011) with the initial

site of insult thought to be to the axon, as demonstrated in Bcl-2-associatentedmp(BAX)
deficient DBA2J mice (Howalt al. 2007a). In these animals RGCs are not lost through
glaucoma induced apoptosis (Libby al. 2005b). RGCs showed axonal degeneration only
posterior to the glial-lamina, with the anterior axon segment left intact. These axonsshow
compartmentalised atrophy typical of Wallerian degeneration (Stolal. 2002); indeed
DBA2Js with the WAdjene were protected from axonal damage (Howell et al. 2007a) while
in rats the gene has delayed ON degeneration following transection (Beiretwak008)
Abnormal mitochondria, phagocytic vacuoles and neurofilament accumulation
(characteristics of axonal degeneration) have been observed in EM sections in expalim

glaucoma (Kitaokat al.2013).
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1.4.5.2 Sma loss

The loss of RGCs in animal glaucoma models is routinely demonstrated by cell counts in the
GCL, a hallmark which is also identified in the human disease (Qeigiey1989; Lekt al.

2009). RGC atrophy can be divided into pre- and post-BAX activationfehi®AX phase
exhibiting soma and dendritic atrophy and the down-regulation of RGC spegefie
expression (Nickells 2012). Following BAX activation the cellsgoed to a terminal fate
through mitochondrial membrane instability, cytochrome c release and caspasataarti
(McKinnon et al., 2002). Soma atrophy, manifest as a reduction in size is obgerved
numerous species (Webeat al. 1998; Morgaret al. 2000; Shotet al. 2003; Urcola et al.
2006). This soma shrinkage offers an explanation for the smaller RGC size observed in

glaucoma as opposed to selective/type specific RGC loss (Morgan 2002)

1.4.5.3 Dendritic atrophy

The maintenance of the dendritic tree is also a high energy demand for RGCsitd3end
represent up to 97% of the surface area of some neurons (Ulfhake and Kaig81) and
require the trafficking of sufficient mitochondria and synaptic proteins (Schwarz 2013). The
paradigm for energy demand and homeostatic disruption in RGC axons thetiéely
extends to dendrites as well (Crish and Calkins 2011). The atrophy of demslatésature

of glaucoma common to experimental models in the primate (Weber et al. 1998), cat (Shou
et al. 2003), rat (Morgaet al.2006; Urcola et al. 2006) and mouse (Leahgl.2011; Feng

et al. 2013; Williamset al. 2013). The overall dendritic field area is reduced, as is branching
density. The reduction of dendrites has been shown to precede soma and axon loss.
Dendritic atrophy has also been observed in human post-mortem retina withrneed
glaucoma (Pavlidiet al. 2003) although here, early changes to dendritic and synaptic
architecture have yet to be explored. Type specific susceptibility to dendritic latrbps

been reported by some authors (Weber et al. 1998; Shou et al. 2003; ke¢ahg?011; El-
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Danaf and Huberman 2015) but not others (Ahne¢@l. 2001; Kalesnykas et al. 2012). The
reduction of dendrites should result in decreased synaptic contact with bipolaaamis. In

a rat model of experimental glaucoma, synaptic loss was reported through redudtmon o

fos activation, a functional marker for synaptic activity éal. 2009). However, c-fos also
appears to have roles in the activation of apoptosis (Oshétiaal. 2002) and so the results
should be treated with caution. A reduction in RGC synaptic density, labelled through
biolistic transfection with PSD95-CSP was reported following IOP elevation in a mouse bead
model (Della Santinaet al. 2013). Some RGCs with apparently unchanged dendritic
architecture showed reduced synaptic density, indicating that synaptic loss precedes the loss
of dendrites, rather than presenting as a consequence of dendritic loss. Interestingly, Park
et al. (2014) have demonstrated increased expression of synaptophysinP&8d-95
following IOP elevation that persists for 4 weeks. This was accompanied by a denrease i
synaptic ribbons between RGCs and bipolar cells; those synapses that persisted showed an
enlarged morphology with increased vesicle accumulation. This may represent a corrective
measure to the loss of synapses where immature synapses are formed in responset (Park
al. 2014) ElDanaf and Huberman (2015) have also shown that dendritic remodeling in M1
photosensitive RGCs in the mouse occurs within the first week IOP elevation where
dendrites are formed that extend to the OFF sublamina to compensate for preferential OFF
RGC loss. The loss of dendrites and accompanying synapses has major implications for the

functioning of RGC in light of the relationship between the dendritic and receiptids.
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1.4.6 ReCfunctional changes inglaucoma

The first receptive field recordings made in experimental glaucoma were performed by
(Weber and Harman 2005)Primate retina were maintained in vitro and RGC properties
recorded intracellularly before filling the cells with acridine orange. RGCs showed reduced
dendritic field size and branching in the glaucomatous eyes and also demonsedtentd

spatial and temporal frequency sensitivity. The biophysical properties remaindgtarsim
between groups suggesting that the functional deficits were the result of synagsicdther

than the result of membrane disruption. Subsequent electrophysiological studydan a
experimental model demonstrated conflicting results. Here receptive field expansion was
shown in the glaucomatous eye (Kieigal.2006), attributed to increased dendritic field size
observed by the authors in previous work (Ahmed et al. 2001). The increaseejtive

field size was likely artefactual, based on their grouping for analysis; dendritisifielénd
subsequently RF size increase with retinal eccentricity which would confound the average
RF size. Itis also possible that the IOP increase resulted in corneal ectasia whichterould al
the optics of the eye, increasing the point spread function of light and the esgwdtimulus

size on the retina of the glaucomatous eye. More recent work in the mouse bas ¢hipe

specific changes to RFs in experimental glaucoma. Off-transient RGCs suffered reduced RF
size at an earlier time point compared to other cell types, occurring before detectable
dendritic change (Della Santina et al. 2013). On-sustained, Off-sustained amanSignt

types showed reduced spike rates in glaucomatous eyes accompanied by reduced PSD-95

labelling.
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1.5 Ams and Hypothesis

This thesis attempts to investigate the changes to dendritic structure that occur in
experimental glaucoma. This will primarily be conducted in a rat magnetd inealel of
glaucoma (Samsel et al. 2011) using ballistic labelling techniquesleswgged with
immunohistochemistry (IHC), to identify RGC dendritic and synaptic loss. Various
morphological analyses of the dendritic tree should provide a sensitive marker for the
degree of glaucomatous damage. Dendritic loss in glaucoma appears to be theofesult
many extrinsic stressors affecting RGCs. Manipulations of the RGC extracellular
environment, namely inhibition of the complement system and digestioPNNs, will
therefore be explored as potential therapies for the protection and/or re-growth o€ RG

dendrites following glaucomatous atrophy.

This thesis will therefore address 4 key aims presented as separate experimental chapters.

1. Given that morphological analysis of the dendritic tree will serve as the main marker

for glaucomatous damage, these measurements must be free from confounding

effects. The first aim is therefore to derive an RGC morphological classification
system that is robust even following RGC dendritic atrophy in order toraidior

type specific bias in morphological analysis.

2. Complement system activation is an early feature of glaucoma (Howell et 4l) 201
and immune activated clearance of dendrites and synapses has been shown in other
neurodegenerative diseases (Brown and Neher 2014). The second aim is to
investigate whether the loss of RGC dendrites and accompanying synapses can be

prevented through inhibition of the complement pathway.
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3. PNNs are noted for their restriction of neuronal plasticity. The digestion of PNNs
following experimental glaucoma induced damage may free surviving R@ICs a
allow for the recovery of dendritic field morphology. This chapter will exploee t

potential of PNN digestion as a therapy for glaucoma.

4. The immediate extracellular environment of the RGC is influenced by PNNs. Changes
to this environment as the result of glaucomatous disease processes could affect the
functioning of the RGC. The final aim of this thesis is therefore to explore the exten

to which the retinal GAG profile changes in both experimental and human glaucoma.

The hypothesis of this thesis is that RGC dendritic atrophy can be lessened or prevented by
manipulation of the RGC external environment, in particular the immune systaim an

extracellular matrix.
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Chapter 2: General Methods

2.1 Animal Hushandry

Experiments conducted in this thesis were in accordance with Home Office regulations and
performed under licenses PPL 30/3084 and PIL IB6A7ED75. Male retiredridieedn
Norway (BN) rats (inbred BN/RijHsd, Harlan) and male Wistar rats (outbred Hsd:WI, Harlan)
were used. Rats were housed in 24 hour light, maintained at 40-60lux, intordgnimise
diurnal variations in IOP (Mooret al. 1996). Food and water were availalad libitum
Animals were acclimatised for 2 weeks prior to any experiments. Animals were killed vi

raising concentration of GQconfirmed with cervical dislocation) or perfusion fixation.

41



2.2 Gaucoma induction and treatment

Glaucoma was induced in the left eye following a modified method wis8ket al. (2011)

described below; the right eye served as an un-operated control.

2.2.1 IOPmeasurement

IOP was measured using a Tonolab rebound tonometer (Tiolat) calibrated for the Rat eye.
Rats were awake and unrestrained, requiring only topical anaesthetic drops (0.4%
Oxybuprocaine hydrochloride (Midoptic)) to inhibit the blink reflex. IOP wamntakethe

mean of 5 repeat readings where 6 readings were taken and the first discarded (Peaishar

al. 2007). Prior to the induction of Glaucoma, baseline I0P for eaetwag established,

taken as the mean IOP from 3 separate days. Following induction of glaucoma, the IOP was

measured every'$day until the animal was killed.

2.2.2 Intracameral injection of paramagnetic beads

Paramagnetic polystyrene beads of 5um diameter (Kisker Biotech.) were suspended in

balanced salt solution (BSS) to give a 30mg/ml paramagnetic bead solthi®preservative

(Sodium Azide) in the solution was first removed by 4 successive washes (BSS) and
VSE](UP S]}ve ~i0iiPeX dZ *}ous]}v -ikradiaiah wsingsadE]o]e

Gammacell 1000 Elite (Nordon International Inc. 22TBq Caesium Source) with afdos

~2000cGy. Animals were anaesthetised under Isoflurane and topical 0.4% €»odine

hydrochloride applied to the eye. Using a Hamilton syringe and tribevel&dngedle (WPI

Europe) 10ul of bead solution was injected into the anterior chamber of the left eye aising

self-sealing incision (Fine 1991). A 0.45 Tesla magnet (Geomag) was then us#btaali

the beads around the entirety of the iridocorneal angle in order to block aqueoomr

outflow. This is demonstrated in figure 2.1. Topical 0.5% Chlorampheni@mgtit) was

administered post injection. The right eye remained an un-operated control.
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IOP was measured in both eyes (as in section 2.2.1) the following day and thereafteyin 3
intervals. The pressure increase was adjudged to be adequate provided an IOP increase of
5mmHg over the contralateral eye sustained for 2 weeks; subsequent injections were
undertaken if necessary. A total of 3 injections was permitted. If the I@Ratinaturally

fall to baseline following the 2 week period then Brinzolamide/Timolaleate eye drops

(Azarga®, Alcon) were administered daily until a return to baseline was achieved.

2.2.3 Intravitreal injection of neuroprotective substances

Intravitreal injection of neuroprotective substances were performed as a treatment for RGCs
following experimental glaucoma. The animal was anaesthetised with isoflurane andltop
0.4% Oxybuprocaine hydrochloride applied to left eye. In order to visualiseettanin the
vitreous chamber the pupil was dilated by administration of topical 1% iGaopde
(Midoptic) and a glass cover slip (which neutralised the refraction of the lens) mounted o
the cornea with a carbomer gel (Clinitas hydrate, Altacor). This ensured that the needle did
not damage the retina (other than at the entry site) and allowed the checking of thenret

of retinal blood supply following the injection of fluid. A Hamilgyminge and tribevelled

33G needle were used. The contents were injected slowly over 5 secontizeameledle left

in place for 30 seconds prior to removal to allow diffusion of theteats and improve the

chance of retention. 0.5% Chloramphenicol drops were applied pre and post injection.
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Figure 2.1 Magnetic bead modgParamagnetic microspheres are injected into the anterior chamber
of the rat eye using an intrastromal self-sealing incigid The microspheres are then drawn into
the irridocorneal angle, as shown by the blue arrofB3, using a magnet with a machined head
attached(C)which allows more precise distribution for a 36ftclusion of the trabecular meshwork
(TM). The microspheres are 48 in diameter, as shown by a scanning electron microg(apland

so block the pores of the TM. Scale banzh0
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2.3 Diolistic labelling
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of (Ganet al.2000) using a Helios® gene gun system (Bio-rad). The labelling process is

depicted in figure 2.2.

2.3.1 OJistic bullet preparation

The Helios® gene gun uses 1cm bullets cut from Ethylene tetrafluoroetid&R&) tubing.

2mg of 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlo(Bxd) (Life
Technologies) was dissolved in 200ul of Methylene chloride (Sigma). The rsol#
pipetted onto 100mg of 0.7um diameter tungsten particles (Bipmada glass slide. This was
repeated with 4mg of 3,3-Dioctadecyloxacarbocyanine Perchlorate (DiO) (Life
Technologies). After drying the DiO and Dil coated tungsten was mixed and funnellad into
30cm length of ETFE tubing placed on a tubing prep station (Biorad). The tubitgaies
overnight in darkness giving an even coating of tungsten particles throughout. Excess
tungsten was removed before cutting the tubing into 1mm length bullets wiviete stored

in foil at room temperature.

2.3.2 Retinal dissection

Animals were killed by GOconfirmed by cervical dislocation. A cauteriser (low-temp
adjustable fine tip, Bovie Medical Corporation) was used to mark the cornea nasally and thu
maintain }E] vs §]}vX dZ C « A E vpo § vV %00 Jv , vi[e
(HBSS, Life Technologies) on ice. For dissection, a puncture was made at tkefriimbu
which a cut through the sclera and retina was used to maintain orientation. The anterior
chamber and lens were removed. The retina was gently manipulated from the sclera and
removed through cutting the optic nerve. Retinae were transferred onto Millipore cell

culture inserts (0.4um pore, Fisher Scientific) and 3 smaller cuts were made in order to
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flatten the retina into a 4 leafed flat mount, ganglion cell layer up. Theouseavas removed

from the retinal surface to prevent obstruction to ballistic labelling.

2.3.3 Didligtic labelling

DiO/Dil bullets were fired, one per retina, at a pressure of 828 kE@fsi) and a gun nozzle

to retinal surface distance of 4cm. To prevent aggregated particles reaching the retina a cell
culture insert (BD Falcon 3.0um, BD Biosciences) was placed between the retina and gun.
Retinas were then cultured on the Millipore cell culture inserts in Neurobasal-A medifen (
Technologies) supplemented with 1% N2, 1% 0.8mM Glutamine, 2% B-27 and 19% 0.8m
penicillin/streptomycin for 30 minutes at 37°C with 4%, QWilliamset al. 2010). Retinas

were then flat mounted on Histobond coated slides (Fisher Scientific) by cuttintheu
insert mesh; this prevented folding of the retina when transferring to a slide. The retina was
then fixed with 4% paraformaldehyde (PFA) in 0.5M phosphate buffer (PB, pH 7.4) for 30
minutes and washed with phosphate buffered saline (PBS, pH 7.4). Nuclear stain (BO-PRO-
lodide, Life Technologies) was applied for visualisation of ganglion celhrednuclear
layers. After 10 minutes retinas were washed with PBS before applicationtiefade
mounting media (ProLong Gold, Invitrogen), cover slipping and selRitigas were imaged

as described under confocal imaging in section 2.5.2.
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1. Anterior chamber removed at
the limbus to leave eye cup.
Disection in ice cold HBSS

Helios gene gun. Particles
propelled by helium blast

from attached cylinder

2. Retina dissected free 3. Retina DiOlisically labelled. 4. Retina cultured in
and flat mounted onto Cell culture insert used as filter Neurobasal-A for 30mins (37°C,
cell culture insert to prevent over-labelling 4% CO,) before fixation

Figure 2.2 Diolistic Labellingsummary of Diolistic labelling process from retinal dissection to labelhd culture.
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2.4 Histology

2.4.1 Rerfusion fixation

Animals where tissue was needed for histology were killed via perfusion fixation. For @erfusi
either a perfusion pump or hydrostatic pressure (reservoir ~1 meter above animal) was used. A
barbiturate (Euthatal, Merial) overdose was administered via intraperitoneal injection.
Anaesthesia was assessed via toe, tail and blink reflexes; when adequate the ansnal wa
positioned on its back and an incision made from the sternum to the diaphragng the
animals midline. The ribs were cut at the midline and the thoracic cétgl open with
haemostatic clamps. The heart was freed from the surrounding connective tissue and the
pericardium opened. PB (0.5M) with 10U/ml heparin sulphate (Wockhardt UK Ltd) was run
through plastic tubing connected to a needle from a reservoir. The neeaianserted into the

left ventricle of the heart and clamped in place. The right atrium was immediately cut to allow
circulatory drainage. Following complete exsanguination the PB was replaced with ieE/cold
PFA and the animal was perfused until pallor of the liver was observed. The re¢issaatwas

then removed and immersed in 4% PFA overnight at 4°C.

2.4.2 Tisue preparation and sectioning

The preparation and sectioning of whole eyes and retina is detailed in Table 2.1. Tissxedvas fi

in 4% PFA by immersion or perfusion fixation and cryo-protecte@% 8ucrose. Tissue was
embedded in optimal cutting temperature compound (OCT, Sigma), frozen inedoy licjuid

nitrogen cooled isopentane and kept at -80°C until sectioning. Sectigrasgerformed on a

Leica CM3050S Cryostat. Sections were collected on superfrost plus slides (Fisher Scientific), air

dried and kept at -20°C until needed.
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Table 2.1Cryo-sectioning details

Tissue Fixation method | Cryoprotection Sectioning Section
plane thickness
~...Us
Whole eye Perfusion fixation, | 30% Sucrose Sagittal 10

4% PFA in 0.5M P

Retina Immersion 30% Sucrose Transverse 10
fixation, 4% PFA ir|
1M PBS

2.4.3 Immunohistochemistry

Cryo-sections were air died for 30 minutes following removal #283C storage. Sections were
rehydrated with PBS for 5 minutes before segregating with a hydrophobic maekefector
laboratories). The primary antibodies including the corresponding blocks ssecondary
antibodies used are reported in the relevant chapter method sections. Details of the Primary
antibodies used are summarised in Table 2.2. The function of primary antibodies 1B5d2B6 an
3B3 which detect CS/DS GAG chains following CSase &Bfordig summarised in Figure 2.3
Sections were blocked for 1 hour before application of the primary antitsdys(ituted for PBS

for secondary only controls). Primary antibody incubation was conducted at 4°C overnigh
Sections were then washed 3 times in PBS and the relevant secondary antibdieyl.appe
secondary antibody incubation was 2 hours at room temperature before 3 P&t&svdNuclear
stain (either Hoescht-33342 (10mg/ml at 1:1000, Life technologies) Q:A000-PRO-3 1:1000)
was applied and washed with PBS 3 times after 10 minutes. Anti-fade mountant was applied and
the slides cover slipped; once dry the slides were sealed. Slides were storé@ d&efbre

imaging once the mountant had cured.
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Table 2.2Antibody details

Primary Target Dilution | Species/Isoform| Secondary Dilution
Antibody Antibody
Polyclonal Cytoplasmic | 0.9mg/ml | Rabbit/IgG Goat anti- 2 mg/ml
Anti-PSD95 | tail of NMDA | at 1:250 rabbit IgGAF | at 1:500
(abcam) receptor 555

(abcam)
1B5(+)* Unsaturated | 2ug/ml at | Mouse/lgG Goat anti- 2 mg/ml
(gift from C-0" Z<3pu | 15 mouse IgG at 1:200
Prof. AF 488
Caterson) (abcam)
2B6(+)* Unsaturated | 2ug/ml at | Mouse/lgG Goat anti- 2 mg/ml
(gift from C-4N ZeSpu | 15 mouse IgGAF | at 1:200
Prof. 488
Caterson)

(abcam)
3B3(+)* Unsaturated | 2ug/ml at | Mouse/IgM Goat anti- 2 mg/ml
(gift from C-6" Z+3pu | 15 mouse IgM | at 1:200
Prof. AF 488
Caterson)

(abcam)

*(+) refers to the presence of a digestion step using CSaseABC prior to antibody block.
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. Glucuronic/Iduronic acid -.C@ C-0-S (1B5)

D N-acetyl-Galactosamine

. c C-4-S (2B6)
Terminal unsaturated 8
CS/DS disacharide E
—
i (]

@ Sulphation g C-6-5 (3B3)
O

- Linkage region

CSase ABC generated
“stub” epitope

Figure2.3 Epitopes ofstub _antibodies Chondroitin sulphate (CS) and dermataipbate (DS) GAG chains are attached to a lectican core protein via a linkage

region. These chains consist of repeating Glucuronic/lduronic acid sskfyl-Galactosamine disaccharides. These sugars can bsupbated (C-0-S), 4-

sulphated (C-4-S) or 6-sulphated (C-6-S). The enzyme CSasE ABFA A A ]e Z E] « 0o AJvP 8§ Eu]v 0 UVEB|BAS-DSF & p "3
C-4-S or C-6-S. These epitopes can be recognised by antibodi&B6BBd 3B3 respectively. The epitopes generated therefore refleculphation pattern

of the GAG chain. Adapted from Caterson (2012).
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2.5 Imaging and Image Analysis

All image analysis was conducted on masked images. Following image capture, a castom m
(developed by our group (Cross 2012)) in Image J was used to mask age fies for
processing and analysis. The macro replaced the image file name with a randotm@rdiggr,

saving the file in a new masked folder.

2.5.1 Imaging and quantification of fluorescent intensity

Following IHC cryo-sections were imaged using a Leica DM6000B (witDEEI8A0FX camera)
with an x20 air objective (NA 0.7). Multi-channel images were captured usengpibropriate

filter cubes for the secondary antibody fluorophores and nuclear stains (see T.@bld=ar
fluorescent intensity measurements, firstly the background fluorescence level wasisgt2f?

only control sections. Positive control sections were then used to set suitable nghagi
parameters in order to avoid saturation in subsequent imaging. These parameters were kep
constant between sections of the various experimental groups. Quantification of the
fluorescence intensity in regions of interest (ROI) was performed in FIJbibin@ages in the
relevant colour channels. The nuclear layers were used to delineate the boundaries of the
GCL/NFL complex, IPL and INL. In these ROIs the average pixel intensity was megsteed (Fi
2.4) Data was analysed using microsoft excel and statistical analysis performed uSiBg SP

(version 18.0-23.0 IBM).
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Figure 24 Fluorescence quantification.The retinal layers (GCL/NFL complex, IPL, INL, OPL, INL,
Photoreceptor segments) were isolated as discrete ROIs for the qeatitfi of fluorescent intensity as
seen in the example images of NFL/GCL and IPL isolation. The mean pixel intenggcéhtantensity)

could then be related to antibody binding and the relative amafrantibody target present in the tissue.

The ROIs excluded blood vessels from analysis.
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2.5.2 Imaging flat mounted retina
A Zeiss LSM 510 confocal microscope (Carl Zeiss AG) with an x20 air objective (NA 0.8) was
used to image both RGCs labelled through Diolistics and nuclear layers for cell counts in flat

mounted retinas.

Table 2.3Parameters for imaging retina

Probe Target Microscope Peak Peak Channel
excitation emission colour
(nm) (nm)
Dil Cell Zeiss LSM 510, | 550 570 Red
membrane | HeNe543 laser
DiO Cell Zeiss LSM 510, | 490 505 Green
membrane | Argon/2 488
laser
TOPRO-3 | Nucleus Zeiss LSM 510, | 642 655 Blue
HeNe633 laser
Alexa Relevant Leica DM6000B,| 500 520 Green
Fluor 488 | primary Ab | GFP filter cube
Alexa Relevant Leica DM6000B,| 555 568 Red
Fluor 555 | primary Ab | N2.1 filter cube
Hoechst- | Nucleus Leica DM6000B,| 350 454 Blue
33342 A4 filter cube

2.5.2.1 RBCimaging in flat mounted retina

Z-stack 1024x1024 pixel images, at a scaling of 0.54um/pixel ox dinel y axes with a slice
thickness of 0.5-1um/pixel on the z axis were captured. This gave a 55fuface area that
was more than adequate to capture the entire dendritic arbour of any RGC imaged, while the

depth could be varied according to sample thickness in order to incfuledendritic
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stratification Multichannel images were captured of single RGCs where RGC labelling was
captured in channel 1 and/or 2 (the excitation and emission wavelengths of theusaRGC

labels are displayed in Table 2.3) with TO-PRO-3 stained ganglion cell anduciear tayers
captured in a third channel. The retinal layers allowed for the measurement of RGC stratification
within the IPL. RGCs were identified based on the presence of an axon and residence within the
GCL. The eccentricity of each imaged RGC, measured as the distance in um from the optic nerve
head in the x and y plane was recorded using a custom scanning stage with a stepper motor

attached to the microscope.

25.2.2 Gl caunts

TOPRO-3 stained cell nuclei in the GCL were imaged in flat mounted retit6unt area
(1024x1024 pixel) was captured using the at x20 objective. Images were taken superity-nasal
superior-temporally, inferior-nasally and inferior-temporally at 1000@mnd 3000um from the

ONH giving 8 images per retina. Figure 2.5 shows the imaged areas in relation po#iisin

in the retina. Images were cut to 500fmsing Image J, this gave an overall area of 2% that of
the total retina for central and peripheral retina from which to estimate cell lbsages were
masked using a custom macro and cell counts of the GCL were performed using the counter
plugin for Image J. Data was analysed using microsoft excel and statistdydis performed

using SPSS.
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2.5.3 R5CIimage Analysis
Changes to the morphology of the dendritic arbour are a sensitive marker for early degenerati
and potential recovery. This morphology was quantified through a numberethods. Data

was analysed using microsoft excel and statistical analysis performed using SPSS.

2.5.3.1 Sholl analyss

Sholl analysis is a measure of branching density and complexity performedjthnoeasuring

the frequency of dendrite intersections of circles of increasing diameter, concentricheittell

soma. The concept is demonstrated in Figure 2.6 (Panel B). Sholl analysis was performed
automatically using the simple neurite tracer plugin (Lonegéaial. 2011) for Fiji (Schindeliet

al. 2012) RGCs were first traced in 3D before running Sholl analysis where distance between
circles was set to 10um and the number of rings set to 40 giving a tet@wunable distance of

400um from the soma centre. This was adequate to accommodate even the largest RGC.

2.5.3.2 Mean and total derdritic length

The simple neurite tracer plugin allowed for the collection of tracings as datadividnal
dendrite length (Figure 2.6 Panel A) organised in a hierarchial manner (i.e. dendrite grderin
branching lineage). This data was used to calculate total number of dendrites, éotdiite
length and average dendrite length of the dendritic tree. Dendrites were then grouped
according to the centrifugal method and the number, total length and mearthecajculated

for each dendrite order (i.e. primary dendrites, secondary dendrites and so forth).
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Figure 2.5 Imaging nuclear layers for cell counts.Ilipges were taken at eccentricities of
1000um and 3000um from the ONH in all 4 retinal quadrants. The sampled area ofeagh i
was cut to 500urh This gave a total sampled area of 1000h&ach for central and peripheral
retina representing 2% of the total retinal area of 50,265h{assuming 4000um radius)
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Figure 2.6 RGC image analysisDEndritic length measured using the simple neurite tracer plugin iedta a hierarchical manner, allowing separation of data
into, for example, primary (green) and secondary (purple) dendrB@sSholl analysis measures the number of dendrite intersections of ctmceircles of
increasing diameter. This is performed automatically by the simpleite tracer pluginC)Connecting the dendritic tips gives the dendritic field afgpThe
depth of stratification is measured in re-sliced stacks where the depth of dentilpis (yellow) is expressed as a percentage of IPL depth (green).
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2.5.3.3 Dendritic field size

Dendritic field size was measured using the polygon tool in FIJI where thedwrtdritic
terminals were connected and the area of the shape in pixels measured (Figure 2.6 Panel C).
Area in pixels was then converted im?. The dendritic field diameter was also measured
through assuming a circle of equal area and finding diameter thro@jr)¢where x is area.

Data was analysed using microsoft excel and statistical analysis performed using SPSS.

2.5.3.4 Dendritic stratification depth

The stratification of dendrites in the IPL into one of the 5 layers identifies a cethas ®N

or OFF in nature (Dowling 2012). This metric is also used in the classifafaR&Cs into
morphological types (Sun et al. 2002a). Dendritic stratification depth was measurgdan b

slicing the z-stack image to the x,z,y plane. The total thickness of the IPL was measured as
the distance between GCL and INL nuclei (Figure 2.6 Panel D). The distance from the GCL to
dendritic tips was then expressed as a percentage of the IPL thickness. RGCs whose dendrites

stratified at >40% were classified as On RGCs.
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Chapter 3: ReCdasdfication in disease
3.1 Introduction

The study of RGC morphology is vital in the understanding of glaucoma andirotber
retinal degenerative diseases. RGC morphology, concomitant with function, provides a
correlate for the mechanism of visual decline. The morphological differences éetwe
functionally discrete RGC types are more subtle in the rodents than the well-defineat@
RGCs. Therefore, classification has tended towards the grouping of cells basedsae the
branching density and stratification of the dendritic tree in the mouse (Sun et al. 2002b
Coombs et al. 2006) and rat (Huxlin and Goodchild 1997; Sur@0&la) RGC classification

in retinal degenerative diseases, where the dendritic architecture (including dendritic field
size and branching density) is altered (Weber et al. 1998; Shou et al. 2008; ¢t al. 2011;
Kalesnykas et al. 2012; Feng et al. 2013), is thus problematic. Without classifib&min

the labelling of any given RGC type could show artifactual shrinkage or reaufvthe
dendritic tree in disease based on either the physiological difference in morphology or type
susceptibility (Weber et al. 1998; Shou et al. 2003; Feng et al. E0TBnaf and Huberman

2015)

RGCs can also be classified by immunohistochemical and genetic means. The former, is
limited in that only a few type specific labels are available. Thyl and BraBddiRGC
indiscriminately (Barnstable and Drager 1984; Nadal-Nicolas et al. 2009), wis#k32

labels a subset (R@@ore intensely than other RGCs (Sanes and Masland 2015). Antibodies
directed against melanopsin and CART can discriminate the group of 5 melanopsin
containing RGCs and the bistratified ON-OFF DSGCs respeétivalynber of genetic
models now selectively label certain RGC types including R@€ng4-cre;Thyl-stop-YFP
transgenic mice, local edge detector RGCs in TYW3 transgene mice (CAMNER, Thyl-

STORYFP) and ON DSGCs in Homeobox d10-GFP transgenic mice (Yonehar®@t al. 20
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Dhande et al. 2013; Duan et al. 2015). However, these mostly relkhph promoters to
selectively express fluorescent proteins in RGCs and Thyl is known tavhesdolated

early in glaucoma (Schlamp et al. 2001; Huang et al. 2006). The disgrdymween the
observed morphology of Thy1 driven fluorescent labelling and diolistic ladpétliglaucoma

was shown by Williamet al. (2013). RGCs showed significantly reduced branching densities
when viewed by YFP compared to DiO demonstrating that Thyl.YFP expression was
compromised and did not reveal the dendritic tree in its entirety. As the use of fluorescent
dyes such as in diolistics is not contingent on cell health, morphologicalficktasn
represents the best method to classify RGCs at present. The possibility that a robust RGC
classification system can be derived from dendrite features that are relatively resistant to
the effects of early disease was explored, based on the observation that early to moderate
RGC damage consistently affects distal dendrites, leaving more proximal dendritic structures
intact (Weber et al. 1998; Morgan et al. 2006; Williams et al. 20183.concept is illustrated

in Figure 3.1 based on modelling of typical Sholl profiles in normal and diseased Tétina.

new classification system was based on the RGC types defined ley 8uf(2002a) which
represent the most complete classification of rat RGCs. RGCs were classified igto RGC
RGGE, RGcand RGEgroups. These types and subtypes are summarised in table 3.1. RGC
are typically large cells with large somas and dendritic fields. Their dendrites branclyradial
and at regular distances and give a moderate branching density. &#&@pically small cells

with small somas and small, densely branched dendritic fields which are often asymmetri
RGG soma and dendritic fields are typically sized between R8@ RGg; they branch
radially but at a greater density and with a more irregular branching patternraoce
curved dendrites than RGARGEare also of moderate size and are easily identified by their

bistratified dendritic tree.
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Dendrites
1°, 20, >2°

Number of intersections

Distance from Soma

Fig 3.1 Sholl plot model: normal and diseased ce@®aphical representation of a Sholl plot from
healthy and degenerate RGCs as observed in Weta, (1998), Morgaret al, (2006) and Williams
et al, (2013). Under moderate degeneration Sholl plots show signifination from healthy plots
distal to the soma, with little deviation proximal to the soma. Wiference between healthy and
diseased sholl profiles is highlighted by the gray shaded are@aaBrand secondary dendrites occur
within this proximal region and are therefore more likely preservi@easurements of primary and
secondary dendrites may therefore provide robust and stable classificatteniari
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Table 3.1Sunet al. (2002a) classification parameters

Type Subtype Soma size (um| DF diam. (um) | Stratification (%
Mean + SD Mean + SD of IPL depth)
Range Range Mean = SD
RGG Al 24+3 31071 797
1832 142-430
A2i 2315 294+55 35+14
A20 12-32 182-391 78+7
RGE Bl 17+3 165+31 41+12
11-23 120-224
B2 1442 135+23 5248
11-18 66-178
B3i 16+3 181+41 41+14
B3o 10-25 110-284 81+5
B4 15+2 156+35 36+16
10-20 72-219
RGG C1 17+2 306+81 74+10
12-21 168-467
C2i 16+2 239+46 46+13
C2o0 11-21 145-321 78+9
C3 15+3 23978 77+10
1021 127-455
C4i 15+3 224+47 49+12
Clo 8-21 139-320 807
RGG D1 15+5 151+31 38+£17/62+12*
8-25 93-203
D2 15+3 224+47 38+12/64+9*
8-21 98-334

RGCs labelled with Inner (i) and outer (o) represent cells that arphatigically similar other than

the retinal lamina in which they stratify (i= sublamina b/ON; o= suldaaiOFF). *RGfCare

bistratified.
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3.1.1 Hypothesis
Anew set of parameters based on primary and secondary dendrite features can be used to

indicate the class composition of a population of labelled RGCs.

3.1.2 Ams
1. To find new parameters of primary and secondary dendrite features that can
describe RGC types that would be resistant to the effects of early dendritic
degeneration.
2. To derive a classification model based on these variables that is validated against a
current morphological classification (Sun et al. 2002a) based on the entire dendritic

field.
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3.2 Methods

3.2.1 Didigticslabelling and imaging

DiOlistic labelling was conducted as described in section 2.3. Briefly, 15 BiBeths) were

killed; their retinas dissected and labelled Diolistically with DIO and Didpwhay 30mins
incubation at 37°C, 4% g @etinas were fixed in 4% PFA, and TOPRO-3 nuclear stain applied.
Single RGCs were imaged on a Zeiss LSM 510 confocal microscope as desmdigohin
2.7.1. The eccentricity of each imaged RGC relative to the optic nerve head watedeco
He]VP 8Z 8 %% @E 3 P }v §Z }v(} o u] E}e }@ly RG(GsSZ ]-
with a dendritic tree easily distinguishable from other cells and whose primamngrite

origins at the soma were not obscured were included for analysis.

3.2.2 New measurements
All measurements were conducted on z-collapsed images using Image J unlesssetherwi

stated. The following dendrite parameters were determined:

3.2.2.1 Primary dendrite features
The following primary dendrite features were measured:

x The number of primary dendrites (P)dendrites originating directly from the
soma.

X Mean primary dendrite length (PDL) - the distance from the soma to the primary
branch point was measured for each primary dendrite using the simple neurite
tracer plugin (Longair et al. 2011) in Fiji (Schindelin et al.)28i®a mean distance
given for each cell.

x Primary branch point field (PBPF) area - the primary branch points were connected

and the area of the resultant field measured to give the PBPF area.
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x PBPF centre of gravity offset (CGO) from the soma - as a measure of asymmetry in

§Z v E]&] $E $Z W WE&[+ VEE }( PE AJEC }((* & (E}t

The PBPF centroid was found and its distance from the soma centre measured. This
was expressed as a percentage of the diameter of the PBPF to account for RGC size
variation.

x PD distribution - as a further measure of asymmetry, the distribution of primary
dendrites about 360° of the cell soma was measured using the oval profile plugin i
Image J (NIH). A circle with a radius of 25um from the soma centre was drawn, and
the angle at which each primary dendrite intersected the circle measured. The angle
formed between the primary dendrite immediately clockwise and counter clockwise
of the axon was taken so that a larger angle would represent greater asymmetry in
the PBPF.

x PD cross-sectional areaas a measure of primary dendrite thickness at the origin
from the soma, primary dendrite traces derived from the simple neurite tracer
plugin were resliced (to either ZX or ZY) to give a cross-sectional view and the area
at the origin measured.

x PD Feret diametet As a further measure of dendrite thickness, the minimum and

maximum Feret diameters of the re-sliced dendrite were measured.

3.2.2.2 Secondary dendrite features
The following secondary dendrite features were measured:
X Secondary branch point field (SBPF) areaeasured as with PBPF area
X SBPF centre of gravity offset (CGO) from the soma&asured as with PBPF CGO
x Proximal branching density as a measure of branching density in the proximal

dendritic tree the PBPF area was expressed as a percentage of the SBPF area.
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3.2.2.3 Other features
To increase the likelihood of successful classification, other features that should remain
resistant to early degeneration were measured. The following features were measured:

X Soma diametert calculated assuming that the measured soma area was circular

X RGC eccentricity the distance of the RGC soma (as recorded during imaging) from

the ONH expressed as a vector length.

3.2.3 Sun clasdification

RGCs were classified according to (Sun et al. 2002a) on the basis of dendritic field diameter
dendrite stratification within the IPL, soma diameter and branching density as shown in table
3.1. Sholl analysis using FastSholl (Gutierrez and Davies 2007) plugihATwvAB
(MathWorks) was conducted on all cells. For each of the resulting groups cidue amd SD

of each new variable was calculated (see appendix A).
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3.2.4 Rincipal camponent analysis

RGCs were first randomly assigned two one of either a training data sample ooutold-
sample. Each RGC was assigned a random number from a chi-square distribution with 1
degree of freedom using the random number generator function in SPSS (version¥3.0, IB
The numbers were then sorted in ascending order with the first 30 RGCs assigned to a hold-
out sample and the remaining 101 RGCs to the training sample. A prinoip@ionent
analysis (PCA) was performed in SPSS to reveal which variables were useful imalisayimi
RGC types. For PCA, no group variables are defined and variance between the whole
population is analysed. In this way, variables that contribute highlyofulation variance

are identified and those that do not can be discarded. PCA provides more meaningful results
with correlation between variables. Thereforgdy &Ee}v[e }EE& o0 S]}v v "% EuU V
tests (SPSS) were performed on normally and non-normally distributed heariab
respectively. New variables which showed a significant correlation (P<0.05) to at least % of
total variables were included. A PCA with extraction of Eigenvalues greater than 1hthroug
an obliqgue (promax) rotation with Kaiser normalisation was performed on th&itgi

sample including only the remaining variables.
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3.2.5 Discriminant arelysis

A discriminant analysis (SPSS) was performed in order to reveal if the new parameitérs coul
classify RGCs into the same groupingSwaset al. (2002a). For the analysis, each RGC was
assigned a group (according to (Sun et al. 2002a)). Prior probability fookthese groups

was calculated based on group percentages of the training sample population to atmount
frequency of RGC types among a population. The analysis was run so that the RGC types
were defined based on the new variables from the training sample (n=101) and then used
to discern the RGC type of each cell in the hold-out sample (n=30). The dhitigy reew
variables to discriminate RGC type was adjudged based on the percentage of correctly

classified cells.
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3.3 Results

3.3.1 Chssification accordingto Sin

One-hundred and thirty one RGCs from 20 retinas imaged were included in the abhafesis

on the described exclusion criteria. Typical cells for each of the 4 classes areistogure 3.2.

The mean Sholl profile for each RGC type is plotted in Figure 3.3. Classificatioting to (Sun

et al. 2002a)riteria gave comparable percentages of cell types in the overall population,
summarised in Table 3.2. Our sample therefore provides a similar breakdown of the RGC

population for the derivation of classification parameters.

Table 3.2Percentage of RGC types in sample

RGC type (% of total number of RGCs)

RGG RGe RGG RGG
Present study | 24 29 32 15
Sun et al. |18 29 35 18

(2002a)
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RGC, RGC, RGC, RGC,

Fig 3.2R&types.Z-compressed confocal images and tracings of RGCs of each type demonstrating typical morphology. BistratfiebiR@&a as inner (i)
and outer (0) IPL stratifications. Arrows denote axon. Scale bar = 100um
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Figure 3.3 Variation of Sholl plots between RGC typ&éwoll plots of RGCs grouped according to type
reveals the variation within the pooled population when compared to themholl plot. These
highlight how analysis of an unclassified population of RGCs could suffemfirinsic bias through
disproportionate numbers of cell types; the leftward shift observed in degation (see figure 3.1) is
also seen here when comparing healthy types. Error bars show SEM.

Figure 3.4Distribution of recorded RGCR&etinal eccentricity of 114 RGCs shown as distance (mm) from
the ONH. No one RGC type appears localised to a particular retimalraui or eccentricity
demonstrating minimal regional labelling biases in DiOlistic lalgelli
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3.3.2 Retinal eccentricity does not afect classification

The retinal locations of 114 RGCs are shown in Figure 3.4 (the locations of 26 cellstwere no
measured). One-way ANOVA with post-hoc Bonferroni showed no significant difference
between RGC types with respect to retinal eccentricity when expressed as vector length
(P>0.05). This confirmed that labelling was not regionally biased. RGC distance frofiHhe
centre expressed as distance in x, y plane and vector distance all showed no corrEtafidb]

to any new variables or to dendritic field diameter and soma diameter demonstrétity

retinal eccentricity had no effect on variable measurements and no effect on classification

according to (Sun et al. 2002a)
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3.3.3 RCsdiffer in Szeand asymmetry of the proximal dendritictree

RGC distance from the ONH in the x and y plane and as vector length were all discarded as
variables for PCA due to the lack of correlation (as discussed in section 3.2.4jyRiemdrite

length and proximal branching density showed a significant correlation with fewerhthifiof

the total variables (P>0.05) and so were excluded from PCA. The remainin¢pgaaibbhowed

a significant correlation (P<0.05) to at least % of total variables and so vetwded. A Kayser

Myer Olkin measure of sampling adequacy (0.844) indicated a sufficiently largdessia®

AZlo ES0 $3[¢ § 3 }( *%Z E] 13C ~WAiXiiiis 00}AZ 3®&Z 3§]}v }
correlation matrix was an identity matrix. PCA produced a 3 component sothabaccounted

for 77.1% of the variance within the data. The rotated pattern matrix showing the variables
contributions to the components is shown in Table 3.3. The first component composeal s
diameter, primary dendrite cross-sectional area and min and max Feret and accéamnd&ds%

of the variance in the data. This component represents the size of the RGC soipidnaary
dendrite thickness. The second component comprised the number of primary dendrites and
PBPF and SBPF areas representing proximal dendritic tree size (accounting %oo21h2
variance). The third component comprised both PBPF and SBPF CGO and Parcangéng

for 10.4% of the variance) thus representing asymmetry in the proximal dendritic Tiee
contribution of the individual variables to the 3 dimensional separatibthe RGC population

is shown in Figure 3.5.
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Table 3.3PCA rotated pattern matrix

Variable Rotated pattern matrix
Component 1 Component 2 Component 3

Soma diameter 0.713 0.296 -0.31
PD max feret 0.991 -0.047 -0.009
PD min feret 0.974 -0.027 -0.045
PD cross-sectional 0.989 -0.024 0.007
area

PBPF area 0.042 0.852 0.103
SBPF area 0.097 0.864 0.176
PDN -0.118 0.715 -0.199
PD asymmetry 0.074 -0.495 0.520
PBPF CGO -0.080 0.064 0.871
SBPF CGO -0.013 0.110 0.928

Bold text denotes component to which each variable gives its greatest contribution
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Figure 3.5 Principle component analysis of RGigure legend overleaf.
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Figure 3.5 Principle component analysis of RGUse component scores of each RGC (n=131) for the 3
components are plotted in X, Y and Z dimensiohs@, Dand . When labelled according to type
(RG@&=blue, RG&green, RG&orange, RGEpurple), separation of the population into RGC types along
the components can be observed. The contribution of the individaakbles to this separation can be

e« vVAZvVvEZ A E] o[+ A]JPZ3]vPe §}A E & Iv 3EZ%}VUVIEYE B% 0P
F, GandH). The components represent condensed variables derived from etet#to-varying variables
(those encompassed by broken lines). PIGt® andE are projected to only X and Y planes in order to
demonstrate the distribution of the groups along individual componefte contribution of the variables

to this distribution is shown by the weightings plotted underreéf G andH); the component that sits

at 0,0 (as shown by the red broken lines) shows little contribution fitsraonstituent variables to the
separation. RGC soma and proximal dendritic field size, where>RGE>RGE>RGE, can be seen in
the population distribution across Components 1 an€2ar{dF). Here RGC groups are partially separated
Further separation of RG@nd RG&from RG& and RGEis achieved along the®3component throud
higher asymmetry in the proximal dendritic field énd G Eand H).
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3.3.3 Discriminant arelysis

RGC groups were separated by 3 discriminant functidhe. loadings of the individual variables
onto the discriminant functions are shown in table 3.4. The first discriminant imaticounted

for 71.7% of between group variance within the data and describes RGC prdgimdaitic tree

size and symmetry and, soma size and dendrite thickness. It correlatei/ggsivith soma
diameter, primary dendrite cross-sectional area, min and max Feret, SBPF araamavet of
PDs. The first discriminant function also showed a negative correlation wittafi2. The
second discriminant function (which accounted for 22.2% of the remaibétg/een group
variance) correlated positively with PBPF CGO, describing asymmetry in the paediaidtic
field, with a contribution from soma and dendrite thickness. The third discriminamttifon
accounting for the remaining 6.2% of between group variance; the function shawedative
correlation to SBPF CGO and a positive correlation to PBPF area. The largest detaihftiGC
classification is therefore primary dendrite thickness and soma and proximal dendrit&izese
with a smaller contribution of asymmetry of the proximal dendritic tree. Thevident in the
clear separation of the group centroids (table 3.5) where the first discriminant function
separates all RGC types in order of size (WherexRBE>RGEG>RGE). The separation was
achieved due to the significant difference of the centroids between RGC groty8.0P1) A
Chi-square statistical test of the discriminant functions showed that function 3 gave no
additional discriminating ability (P=0.176) and so does not coritritnuthe separation of RGC

groups.
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Figure 3.6 Discriminant analysis of RGTke discriminant scores of each RGC (n=131) are plotted in X, Y dimamsi@sponding to the first two discriminant
functions. Here variance between groups is maximised so thafpgrentroids (black pentagons) are at maximal distance from each othévidudl RGCs are
classified into the group whose centroid is closest (the black lines defingpproximate boundaries for each group). When labelled according to type beca
seen that the majority of RGCs are correctly classified to their group by therdisami functions.
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Table 3.4Correlations between variables and discriminant functions

Variable Structure matrix
Function 1 Function 2 Function 3

Soma diameter 0.619 0.361 0.183
PD max feret 0.525 0.378 0.107
PD min feret 0.543 0.467 0.199
PD cross- 0.566 0.416 -0.028
sectional area

PBPF area 0.300 -0.353 0.560
SBPF area 0.487 -0.131 0.088
PDN 0.481 -0.268 0.067
PD asymmetry -0.552 0.483 -0.233
PBPF CGO -0.326 0.450 -0.302
SBPF CGO -0.328 0.119 -0.605

Bold text denotes function to which each variable gives its greatest contribution

Table 3.5RGC group Centroid

Group Group Centroids

Function 1 Function 2 Function 3
RGG 1.912 0.189 -0.284
RGE -1.306 -0.373 -0.379
RGG 0.126 -0.048 0.427
RGG -0.908 1.488 0.194
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3.3.4 RSCtypesare discriminated by proximal dendritic morphology

The discriminant functions generated through discriminant analysis correctly classif&¥h 73
(n=74) of RGCs from the training sample and 63.3% (n=19) from the uidddraple. This was

greater than the correct by-chance classification of 25%. The predicted group percentages fo
each RGC type are summarised in table 3.6. These data show that RGC groups can usefully be
discriminated by primary and secondary dendrite variables. Misclassificatiowéalla similar

trend with roughly 25% misclassified to the RGC type closest in morpholtwycorrect group.

All misclassified RGCs had at least 1 variable (average 3 variables) that was greater than 1

standard deviation from the mean of its correct type.

3.3.5 Ropulation variance in new parameters does not adequately define groups

The relationship between population wide variance and between group variance was explored.
The component scores generated through PCA were used as variables for discriminant analysis.
The components alone achieved only a correct classification in 62.6% of thegrsémple and

60% of the hold out sample. This indicates that population varianceomphnlogy does not

adequately describe the difference between groups.

3.3.6 RBC subgroups cannot be differentiated

The difference in population variance and between group variance could benddy the
division of RGCs in subgroups. Discriminant analysis was performed as describgdbnitial
where RGCs were grouped according to the subgroups described bst @ur(2002a). The
original hold-out sample did not contain two of the subgroupsl &0 the sample size was
increased to 40 RGCs following the same random assignment method (section 3.2id). Ag

prior probability was calculated based on subgroup frequency. Correctly classifioeds
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achieved in 53.8% (n=49) of RGCs from the training sample and 35% (n=14) frond tbethol
sample. This was greater than the correct by chance classification (8.3%) but did nah give
adequate classification indicating that the ability to resolve subgroupsysrd the new

variables.

Table 3.6Summary of classification

A priori Predicted RGC type (% correct) Number ofA

RGC type RGG& RGE RGG RGG priori RGC
Training | RGG 75% 0% 25% 0% 24
sample | RGE 0% 64% 25% 11% 28
(n=101) | RGG 6% 12% 77% 6% 34

RGG 7% 13% 0% 80% 15

Number of 21 24 39 17

predicted

RGC
Hold-out | RGG 71% 0% 29% 0% 7
sample | RGg 0% 70% 20% 10% 10
(n=30) RGG 25% 0% 63% 12.5% 8

RGG 0% 0% 60% 40% 5

Number of 7 7 12 4

predicted

RGC
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3.4 Discussion

These data show that RGCs can be discriminated on the basis of soma and proximal dendritic
field size. This is in agreement with (Sun et al. 2002a) and other classifications bd&8&€ o
morphology (Sun et al. 2002b; Coombs et al. 2006) where largex ®8ECRGE are
separated from the smaller Rg&hd RGgbased on soma and dendritic field size. Dendrite
thickness is also an effective parameter for classifying RGC types due to its strong
relationship with other features of dendritic tree morphology. Primary dendrite thickness
has been found to correlate with soma size, dendritic field size, total dendritithlemgl
branching density in rat triceps surae motoneurons (Chen and Wolpaw 1994) and cat spinal
r- v -motoneurons (Ulfhake and Cullheim 1981; Ulfhake and Kellerth 1981), all
parameters used in the classification of RGC tyfesondary dendrite thickness, at the
origin of the primary branch point, was also shown to correlate to dendritic §&d in
mouse RGCs (Loopugt al. 2007). However, its subsequent use in a classification model
including total number of branch points, stratification and eccentricity yetldaly 9
different types of RGC, none of which the authors cared to compare to previously reported
types (Loopuijt et al. 2007). Asymmetry in the proximal dendritic tree dasmall
discriminatory effect on RGC types; a parameter that is often overlooked in wlogibal

analysis.

Given the large variability in RGC morphology and overlap between groupsyfeingle
morphological criterion, complete neuronal classification would prove chaligngi
Consistent with this, all misclassified RGCs exhibited one or more variable measurement
greater than 1SD from the mean of its type. Interestingly, the same problem was reported
by (Jelinek and Fernandez 1998) when classifying cat RGCs based on fractal diwlesrgion
discriminant analysis returned 62.3% correct classification. The inclusion of dendritic

stratification depth within the IPL could enhance the correct classification of RGC types, in
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particular the classification of R&Que to their bistratified dendritic treePopulation wide
variance does not describe between group variance. This was attributed to thévisidal

of the groups into further discrete RGC types. However, the new parameters only achieved
a correct classification of 35% based on the subgroups described by (SunOéRal). Z his
would likely increase given a larger population from which to constraicmore
representative model. It is also possible that the misclassified atypical cells represent
previously unidentified cell types given that the number of RGC types currently défined

the closely related mouse is 22 (Voelgyi et al. 2009).

Robust discrimination between cell types is important in the study of degeneration, both in
terms of reducing pseudo-degenerative effects owing to inter-type differences in dendritic
morphology and also in investigating inter-type susceptibility teedse. Type specific
degeneration has been noted in the primate (Weber et al. 1998), cat (Shou 20G8)
mouse (Leung et al. 2011; Feng et al. 2013; El-Danaf and Huberm@na2@lrat (Thanos
1988) but not in DBA/2J (Jakodtsal.2005)or thy1-YFP-H transgenic mice with experimental
glaucoma (Kalesnykas et al. 2012). The Sholl plots in Figure 3.3 demonstréftethaaks

in branching pattern and density between RGC types and illustrate effectively how disparity
in cell types between populations could be confused for atrophy in studidsgeneration.
Given that significant reduction in branching occurs only in the distal region aliethdritic

tree, as illustrated in Figure 3.1, and that the soma only undergoes substargigehvih
advanced/chronic glaucoma (Weber et al. 1998) the new parameters should remain
relatively robust. However, the ability of the system to classify cell typeskelly diminish

under substantial degeneration.
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The use of DiOlistic labelling resulted in a number of cells being excludedfralysis as

the soma and proximal dendrites were obscured. However DiOlistic labellingtis no
contingent on cell health (Honig and Hume 1986). This is vital given thatasfications
purpose is for use in degeneration where Biolistics is affected by the viability of
transcriptional pathways necessary for the expression of fluorescent nafWéHiams et

al. 2013). Ballistic labelling techniques are open to the criticism thathfe/for larger cell
types since the likelihood of a hitting a cell increases with its size. This biastwdseawed
suggesting that the difference in cell soma size is insufficient to have a large effect on
labelling probability. A higher proportion of R(G3&t 24%) was found in comparisons to the
18% reported by (Sun et al. 2002a); however this was much smaller than the 60%igevio
reported (Huxlin and Goodchild 1997). If soma size were the largest determinargivén

cell being labelled one would expect a higher proportion of REah RGE; almost twice as

many RGgto RG&were labelled in this study.

The reproducibility of this model and its applicability to disease requires teetina range

of degenerated RGC populations, the scope of which was beyond the current study.
However, applying the model to a degenerated population of RGCs would nat &erv
validate the model given that the correct type of an RGC cannot be determinmedtfpmst-
degenerative morphology. This would instead require following the degenerationgiésin

RGCs over time while accounting for reporter expression changes in degeneration.

The main role of this classification procedure is therefore not the definitive classification of
all RGC types but to provide a degree of confidence regarding RGC proportions inea sampl
population where traditional methods of classification are vulnerable to bias. The model

provides a framework to check for labelling bias in the analysis of RGCs in retinal disease.
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Chapter 4: Smaptic lossin experimental glaucoma

4.1 Introduction

Synaptic loss has been detected in a number of experimental glaucoma modelsdlFu et
2009; Della Santina et al. 2013). As dendrites are atrophied the RGiSevilynaptic contact

with underlying bipolar cells. Whether synaptic loss precedes, and is a driver figra
consequence of dendritic loss is unknown (leteal. 2011). In other neurodegenerative
diseases mitochondrial dysfunction leads to synaptic and dendritic lom(Wégiet al. 2010;
Reddyet al.2012; Williamst al.2012) C1q has been shown to be important in RGC synapse
elimination during the period of synaptic refinemern€lq is localised to synapses in
development and C1gKO mice show impaired synaptic refinementinwitie Lateral
geniculate nucleus (dLGN). At P5, C1gKO mice showed normal dLGN projections but
significantly higher numbers of contralateral projections at P10 and persistiR§0 when
segregation is normally complete and the mouse dLGN is dominantly ipsilalbere was

no increase in the number of cells, while the normal phenotype at P5 suggested no
disruption to axon-pathfinding, which are indicative of a failure in stinapfinement. At

P40, 80% of dLGN neurons renadmmultiply innervated (compared to 0% in WT) as
detected by patch-clamping, again indicating a failure to eliminate synaf&siesenst al.
2007) These data show the relationship between the classical complement pathway and
synapse elimination. C1q is also though to tag synapses for clearariseasalin a similar

way to development (Stevens et al. 2007).

C1q can directly bind to cell surfaces and initiate the classical pathway of theernanil
cascade, generating the effector molecule C3b that opsonises cells for imnmune clearance by
phagocytosis. Early complement upregulation, in particular of C1q, has beem sh both
genetic (Howelkt al. 2011) and inducible models of experimental glaucoma (Ahmed et al.

2004; Kim et al. 2005). The increased expression of various complemgteinp, in
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particular C1q and C3 is also evident in human glaucoma (Kuehn et &j. Tz0@I et al.
2010). Generation of C3a, C4a and Cba is known to enhance immuirreccaitment
(Janeway et al. 2001), a feature of early glaucoma (Agudo et al. 2008son et al. 2011;
Howell et al. 2012), and enhance secretion of inflammatory and neuratoripounds from
infiltrating immune cells (Janeway et al. 2001; DiScipio and Schraufs2adar, Woodruff
et al. 2010). Inhibition of components of the complement cascade hasrsipoomise in
reducing RGC death in glaucoma. Clg deficient DBA2J mice show reduced RGC death
compared to age matched DBA2Js (Howell et al. 2011), while restoring nogmevels to
the naturally C5 deficient DBA2J exacerbates glaucomatous cell loss (HoweR@&t 3!
Given the role of Clq in synapse elimination in development, this chapter saaght
investigate whether inhibition of C1g could protect against aberrant imenmediated

synaptic clearance directed by the compliment system.

Two experimental models of glaucoma were used to investigate whether Clhjtiahi

could preserve RGC dendrites and synapses. The first model used the DBA2J mouse model;
in these mice mutations in thgpnmb+ and tyrpl genes cause and iris dispersion at
~9months of age (John et al. 1998; Anderson et al. 2002). This resaltsustained 10P
increase and RGC loss. The 2B4pnmb mouse, which has a functiongbnmbgene, does

not develop iris dispersion, nor a raised IOP and so providesi@ol against which RGC
damage can be assessed (Howetllal. 2007b) The DBA/2J-Cl¢atransgenic mouse is
deficient in C1q and is generated by backcrossing C57BL6.C1gaKO mice withriigA2
The DBA/2J-Cltaretains >99% of the DBA2J genetic background, and does not generate
significantly different IOP profiles to the DBA2J (Howell et al. 201d sarthe effects of
compliment deficiency on RGC dendritic and synaptic loss could be investigatgdhusi
mouse. Given the role of Clqg in synaptic refinement, it was impbttapreclude the

possibility that any difference in dendritic and synaptic measurements were not the result

87



of ana priori greater number of dendrites/synapses in the DBA/2J-Cldwor this, all 3
genotypes were compared prior to the age of increased IOP onset and associated dendriti
and synaptic loss. The second experimental glaucoma model used was the magadtic
model (Samsel et al. 2011). In this model BN rats with an IOP increase were trétited
exogenous C1 esterase inhibitor (Clinh) or vehicle only and the effectabstquent
complement inhibition on RGCs investigated. Clinh is found naturatheiplasma and
inhibits initiation of the classical complement pathway by binding C&rgalsing it to

dissociate from C1q (Janeway e al. 2001).
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4.1.1 Hypothesis
It is hypothesise that C1 targets synapses on RGCs for immune clearance imexiadri
glaucoma. Inhibition of C1 via genetic modification or pharmaceutical administreould

therefore protect RGCs from synaptic and dendritic loss.

4.1.2 Ams
X To determine whether C1 inhibition confers a protective effect against synapsc |
in experimental glaucoma
x To determine whether this translates to a protection of dendrites where synaptic

clearance may drive dendritic loss.
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4.2 Methods

4.2.1 Animal husbandry and Mouse strain and breeding

Mice were bred and housed at the Jackson Laboratories, Maine in accordance with their
Institutional Biosafety Committee (IBC) and the Animal Care and Use Committee (ACUC).
Mice were housed in a 14hr light/20hr dark cycle and had accessotb dod waterad

libitum. DBA/2J (D2; n=24), DBAGHnmMbB (D2Gpnmb; n=22), and DBA/2J-CI{a
(D2.Clga; n=18) strains were used. The generation of these strains is descriledilin d
elsewhere (Howell et al. 2007b; Howell et al. 2011). Two groupscef am either 3-5months
(n=34) or 9-11months (n=30) were used. BN rat husbandry is described in section 2.1 with
the exception that animals were housed in 12hr light/dark cycle. Rats were aged 5-6 month

(n=27)

4.2.2 Induction of glaucoma, IOP monitoring and Clinhibitor injection

Glaucoma was induced in the left eye of 20 animals as described in sectionTRL rght

eye was a normotensive, un-operated control. IOPs were measured by rebounhétny
(section 2.2.1) for 3 days prior to glaucoma induction and every 3ttaysafter. One day

prior to glaucoma induction rats received an intravitreal injection of eithe(100 Units/ml

in PBS) of C1 esterase inhibitor (human, CINRYZE, Shire) or vehicle onlyt(ieB&f wye.

The injection procedure was as described in section 2.2.3. Injections were repeated every 4
days for the duration of the experiment. Rat groups are hereafter referred to as OHdr(ocul
hypertensive; bead injection and vehicle only intravitreal injection; n=QB)T.Clinh (bead
injection and C1linhibitor intravitreal injection, n=10) and NT.Clinh (otensive;

Clinhibitor intravitreal injection, n=7).
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4.2.3 Dolistic labelling and canfocd imaging of RSCs

RGCs were labelled DiOlistically to visualise dendritic morphology 2 weekslafiewrga
induction in 11 rats. Mice (115 D2, n=8 D2.Gpnmb+, & D2.C1qa) followed the same
protocol (section 2.3) as rats with the exception that death was via cervicatatislp and

the gene gun firing pressure was reduced to 100psi. For mice, the head was remowved du
the retina incubation period v %0 0 Jv ~ulS8Z Zu 3[08Y0 REA}L.2%"NZV
Glutaraldehyde in 0.1M Phosphate Buffer) for 48hrs before dissecting the ONs. For rats, only
the brain and attached ONs were placedin ]S Z Zu S[e .Themnéres were cut distal

to the optic chiasm with a 45° cut in order to maintain orientation and stone@.4% PFA

(in 0.1M PB) until grading. The nerves were graded as described in sectiooebo2v4RGCs

in the rat were imaged as described in section 2.5.2. For the mouse, imadowefblthe

same protocol with the exception of the use of a Leica TCS SP8 with a white light laser. RGC
morphology was measured as described in section 2.5.3 using Sholl analysdisnainitic

length and field area measurements.

4.2.4 Optic nerve grading

ON were processed for grading as described by (Sehigih 2001). The tissue was prepared

by immersing sequentially in 2% osmium tetroxide (in 0.1M PBY) 8ddium acetate and

2% uranyl acetate (in 0.1M sodium acetate). The tissue was dehydrated in gradedleth

before embedding in resin. Sections were cupril thick), dried and stained in 1%
paraphenylenediamine (PPD) in isopropanol:methanol (1:1) (Smith etCl).Zbhe myelin

stain PPD differentially stains the axoplasma of damaged axons, which appear darker,
compared to healthy axons. The ratio of damaged to healthy axons was qualitaingad

§} S P}E&]*e KE- Jvs8} Zv} }& €&oC[ ~EK «U Zu} €& S [ ~DK =
(Andersonet al. 2005). NOE ONs are indistinguishable from ONs of strains that do not

develop glaucoma. MOD ONSs have significant numbers of damaged and degenerated axons

91



but the remaining axons appear healthy. With comparison to ON counts thesen@hé
approximately 90-50% of axons remaining (typically 60%). In SEV ONs,nther nof
damaged axons is greater than the number of healthy axons (Anderson et al. 2005).
were scored by two masked investigators (John Lab), and in cases where their gratiings d

not agree, a third investigator adjudicated with the majority grade assigned to that ON.

4.2.4 |HCfor synaptic loss

In 31 mice and 9 rats, whole eyes were fixed in 4% PFA in place of DiOlisticgabéle

eyes were fixed overnight before cryo-ptotecting in 30% sucrose as descritssttion

2.4.2. Sections were processed IHC conducted as described in section 2.4.3. Briefhg sect
were blocked in 5% serum following rehydration, before applying rabbitR8D95 for 8

hours at 4°C. Alexaflour 488 was applied followed by Hoescht, interjectehbly steps.

Slides were mounted and imaged as described in section 2.5.1 with the excémion
sections in the mouse eye were imaged on a Leica TCS SP8. The mouse sections were cut to
cut to 14um and so were imaged as z-stacks with a slice thickness of 1um. Z-compressed
images were created for fluorescent intensity analysis which was conducted for both species

as described in section 2.5.1.
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4.3 Results

4.3.1 C1 inhibition protects against dendritic atrophy in the maeuis early glaucoma

Early loss of dendrites in the D2 mice, as shown previously (Williams @13), &as confirmed.
All animals were categorised as NOE and thus represent the early stage of the diseasigicD
field area was significantly reduced in 9-11month D2 animals (n=58 RGCs, 8 asumpéskd
to age matched D2.Gpmnb+ (n=37 RGCs, 5 animals) (P=0.01, One-way AtQ)a&tuiioc
Bonferroni correction following Log10 transform) but total dendritic length (P=0.80&stital
test as before) and Sholl area under the curve (AUC) remained unchanged (P=0.208, as before).
D2.Clga animals were protected from this dendritic atrophy. No significaetdaiffe in total
dendritic length, dendritic field area or Sholl AUC was found between 9-1thnidd.Clga
animals (n=52 RGCs, 6 animals) compared to D2.Gpmnb+ (total dendritic Rerigtdendritic
field area P=1, Sholl AUC P=1; as before). D2.Clga animals showed signifiglaatiyokel
dendritic length, dendritic field area and Sholl AUC compared to age matched Dalani

(P=0.005, P=0.001, P=0.001; as before).

Next | sought to establish whether this was the result of a protective effect, or a greaterenumb
of synapsesa priori in the D2.Clga animals before the onset of glaucoma, given that the
dendritic atrophy in the D2 animals was mild, resulting in only partiaphdogical change in
RGCs compared to D2.Gpnini€1l plays an important role in synaptic refinement during
development (Stevens et al. 2007) and so a deficiency in C1 could leagedutlr synapses in
the IPL in D2.C1qga animals compared to wild type. This could also reautenser dendritic
tree following a failure to clear synapses. 3-5 month D2 animals (n=63 R&Wsalk) showed

no significant difference in dendrite morphology to 3-5 month D2.Clga (n=88,RiGanimals)

Total dendritic length, dendritic field area and Sholl AUC showed no significant difference (P=1,

93



P=1, P=1 respectively, as before). The dendritic morphology in 9-1ln@mthals was
compared to that of 3-bmonth animals which are pre-glaucomatous. D2.C1ga asimaled

no significant difference in dendritic morphology between 3-5month (lR&Cs, 4 animals) and
9-11month animals D2%£52 RGCs, 6 animals). Total dendritic length, dendritic field area and
Sholl AUC showed no significant difference (P=1, P=0.111, P=0.714 respectively, astiefore).

inhibition therefore offers a mild protective effect against dendritic atrophy in the mouse.
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Figure 4.1 RGC morphological changes in the D2.C1 mdussarly glaucomatous animals (9-11months) total dendritic leig@)hdendritic field aregB) and
Sholl AUGC)were significantly higher in D2.C1ga than D2 animals. At 9-11 months D2.C1aésamére not significantly different from other genotypes at 3-

5 months in all dendritic morphology variables. These data suggesiderate protective effect of C1g knockout to RGC dendrites in glauconmaaBalysis
shows similar profiles for pre-glaucomatous D2 aninfl2}sand a leftward shift for D2 animals in the early stages of glaud&n&or 3-5month Gpnmb+ n=27
RGCs (3 animals), D2 n=63 RGCs (7 animals), D2.C1ga n=30 RGCs)(4ani@ralsnonth Gpnmb+ n=37 R@animals), D2 n=58 RGCs (8 animals), D2.C1ga
n=52 RGC® animals). Error bars show SD for A, B and C and SEM for D and E. *P<0.05, **P<0.01, ***P<0.00

95



|| DBA/2J

\
\
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Figure 4.2 Typical morphology of mouse RGCs belonging terdifit genotypes.Dendritic field size was

markedly reduced in DBA/2J eyes at 9-11months compared to D2.Gp@ridp deficiency was protective
against this effect as RGCs showed larger and more complex dendritic firelages are shown as z-
compressed, DiOlistically labelled RGCs (where the arrows denotaextiv® and the trace the RGCs

dendrites below. Scale bar shows 100.
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4.3.2 Protection by C1 inhibition is repeated in the rat

Next | sought to establish whether the protective effect of C1 inhibition could be extended to a

rat bead model of glaucoma where the increase in IOP and associated RGC loss wasteore acu
Ocular hypertension was induced in 20 animals of which 10 were given an intrairifeeion

of Clinh and 10 vehicle onljhe pressure increase achieved, and its duration, was comparable

in both OHT groups (Figure 4.3). No significant difference was found betlhheemdan IOP,

AUC and peak IOP in the control (right) eyes between all groups, therefore, these were
subsequently pooled to form the NT group. Comparable Mean IOP, AUC and peak ¢OP wer
achieved for the bead injected eye in OHT group and in the OHT.C1inh group; these showed no
significant difference (Mean I0OP P=0.751, AUC P=0.718 One-way ANOVA with post-hoc
Bonferroni correction; Peak IOP P=1.0 (adjusted significance) Kruskal-Wallis telgi@afi©P,

AUC and peak IOP was significantly higher than in NT eyes for both OHT (P=0.001, P=0
P=0.012 respectively; statistical tests as before) and OHT.C1linh (P=0.001, P=800m11 P
respectively; statistical tests as before). Mean IOP, AUC and peak IOP in NT.Clinh eyes was also
significantly different from both OHT (P=0.001, P=0.001, P=0.009 respeciivdigfore) and
ONH.C1linh eyes (P=0.001, P=0.001, P=0.008 respectively; as before). OHT andhQjdupd

showed increases of Mean |IOP, peak IOP and IOP AUC of 50% and 70%, 66% and 8%%0 and 117
and 116% respectively over NT control eyes. Additionally, the intravitjeation of Clinh had

no significant effect on IOP as shown by the similarity of NT.Clinh eyes comparedotatdIl ¢

eyes of all groups (P=0.899, P=0.054, P=1 respectively; as before)
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Figure 4.3 Comparison of IOPs between treatment groups.The average IOP profiles show an acute
IOP increase lasting roughly 2 weeks in bead injected eyes of both OHT gooypered to NT controls.
The mean IOBB), peak IORC)and AU(D) was significantly higher in OHT compared to NT groups over
the duration of the experiment but was not significantly different am@igT and NT groups. Control
right eyes are pooled from all 3 groups to form the NT group. Erra Slaow SD; *P<0.05, *P<0.01,
***P<0.001.
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Typical RGC morphologies belonging to the different groups are display@dure 4.4. ON
grading demonstrated that both OHT and OHT.C1linh groups suffered axonal loss in bead
injected eyes as the result of IOP increase with the ONs categorised on average to MOD in both
groups (Figure 4.5 Panel A). Clinh alone had no observable adverse efflR@®axons as
indicated by the categorisation of NT.Clinh ONs as NOE. RGC morphologica enadgsed

that C1 inhibition was again protective to dendrites. Sholl AUC, dendritic fieldaack#otal
dendritic length were all reduced in RGCs from OHT.PBS eyes (n=38 RGCs, 7 animalg) compare
to NT eyes (=43 RGCs18 animals) (P=0.001, P=0.001, P=0.001 respectively, (adjusted
significance) Kruskal-Wallis test). Clinh injection into OHT eyes did not celngetvent
dendropathy (h=36 RGC&animals) as Sholl AUC, dendritic field area and total dendritic length
were all reduced compared to NT eyes (P=0.021, P=0.005, P=0.012 respectibeligras
although to a lesser extent than in OHT eyes treated with PBS only. RGCs from OHT.C1linh eyes
were not significantly larger (dendritic field area, P=0.383, (adjusted significance) Kitedkal-

test) but were denser (Sholl AUC, P=0.01; total dendritic length, P=0.08éfoas) than those

from OHT eyes. They also showed no significant difference to NT.Clinh eyes (n=49 RGCs,
animals) for all 3 morphological analyses (P=0.079, P=0.062, P=0sp&8tiecly, as before).
Clinh injection into NT eyes showed no detrimental changes to RGC magploimpared to

NT controls (P=1, P=1, P=1 respectively, as before). Sholl analysis showed a reducetgbranchi
complexity in both groups of OHT eyes compared to NT control with redueedrite
intersections at distances of 50-23® and 70-180Qm for OHT and OHT.C1linh respectively.
Taken together these data indicate a partial protection of dendrites conferred by @jaation

in OHT eyes. The protective effect of C1 inhibition to dendrites therefore extemdsremacute

damage induced by a bead model of glaucoma.
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NT NT.C1inh OHT OHT.C1inh

Figure 4.4 Typical morphology of rat RGCs belonging to the experimentalpg: Branching density and dendritic field size was markedly reduced in OHT eyes
compared to NT eyes, with Clinh treatment partially mitigating tffiscé Images are shown as z-compressed DiOlistically labelled (RG&e the arrows
denote the axon) and the trace the RGCs dendrites below. Scale bar shquws.100
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Figure 4.5 RGC morphological changes following Clinh treatmém.grading (A3howed comparable moderate damage to the ONs of both OHT groups,
indicating that ON death was comparable. Clinh injection had no negdfacson ONs. The total dendritic lengi8), dendritic field aregC)and Sholl AUC

(D) showed that RGC size and branching were reduced in both OHT gromp T eyes. Clinh injection offered partial protection against dgratity in OHT

eyes as shown by the significantly greater total dendritic ler{B dendritic field aregC)and Sholl AU). Clinh injection into NT eyes had no significant

effects on dendritic morphology. Error bars show SD. Sholl anéB)siZ }JA  3Z 3C%] o Zo (3A & +Z](3[ Jv K,d 2%+ PPU%d Ei]lv&} Ed
injection into OHT eyes offered a degree of protection with significkareases in dendrite intersections compared to NT controls reduceddrdistance of

50-230um in OHT eyes to 7080 um in OHT.C1linh eyes. NT n= 43 RG&ar(imals), NT.C1 n= 49 RGCs (4 animals), OHT n=38 RGCs ¢J, #iiiiiaC1 n=36

RGCs (7 animalgrror bars show SEM. *P<0.05, **P<0.01, **P<0.001.

101



4.3.3 Synapse protection differs in the mouse and rat

Given that C1 has roles in synaptic phagocytosis (Stevens et al, R80uyht to investigate
whether the protection to dendrites was the result of the maintenance of synapses that would
otherwise be lost. IHC of PSD95 labelling (see Figure 4.6 for typical imathes)L revealed

a significant reduction in pixel intensity in 9-11 month D2s (n=25 segt®animals) compared

to aged matched D&BpnmbB (n=28 sections, 5 animals) (P=0.001 (adjusted significance),
Kruskal-Wallis test) and pre-glaucomatous (3-5 month) D2s (n=34 sectanig)ds) (P=0.001,
statistical test as before) as expected. However, C1q deficiency was not protectivedpsay

as 9 month D2.Clga animals (n=30 sections, 3 animals) also showed significantly reduced IPL
pixel intensity compared to aged matched Bpnmb (P=0.001, as before) but showed no
significant difference when compared to pre-glaucomatous (3-5 month) D2.C1q anim&s (n=2
sections, 5 animals) (P=1.0, as before). The loss of synapses was equivalent D2 lzotti
D2Clqga animals aged 9-11 months (P=1.0, as before). These data suggest that sysgptic |
occurred in RGCs in both D2 and D2.Clga animals but that the relative lossweadgor

D2Clqga.

In the rat, experimentally induced glaucoma resulted in synaptic loss as expecteeakitted
PSD95 labelling in the IPL (Figure 4.7) in OHT.PBS retinal sections (tiofh6, st@nimals)
compared to NT (n=18 sections, 9 animals) (P=0.026, One-way ANOVA with post-hoc
Bonferroni). Inhibition of C1 prevented this loss in OHT.C1inh animak ¢esfions, 3 animals)
where PSD95 labelling in the IPL was significantly higher than OHT.PBS arn®ds, (P
statistical test as before) but not different from NT (P=0.147, as before). Thesesrasalt
summarised in Figure 5.8. C1 inhibition is therefore protective to both dendri@swamapses

in the rat bead model of glaucoma.
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Figure 4.6 Typical PSD95 staining amongst different genotyp&D95 labelling (red) of synapses in the
IPL was quantified as pixel intensity. Both D2 and D2.C1qga animals shosdedton in synapses in the

IPL as a result of glaucomatous damage at 9-11 months compared to age matchgthuncomatous
retina (D2Gpnmb) and pre-glaucomatous mice of the same genotype. Nuclei are labelled with Hoescht-
33342 (blue). Scale bar shot@0um. For 3-5month Gpnmb+ n=36 sections (9 animals), [32 sections

(6 animals), D2.Clga n=29 sections (5 animals). For 9-11month Gpr®84sections (5 animals), D2
n=25 sections (3 animals), D2.Cl1ga n=30 sections (3 animals).

OHT.PBS OHT.C1inh

anti-PSD95/Alexa Fluor 555
Hoescht-33342

Figure 4.7 Typical PSD95 staining amongst different rat experimentaligsoPSD95 labelling (red) of
synapses in the IPL was quantified as pixel intensity. Glaucomdsonage resulted in synapses reduction
in the IPL in OHT.PBS but not OHT.C1inh when compared to NT retire.axaitabelled with Hoescht-
33342 (blue). Scale bar shows L@@ NT n=18 sections (9 animals), OHT Iit=sections (3 animals)
OHT.C1 nH sections (3 animals).
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Figure 4.8 C1 inhibition protects from synaptic loss in the rat bt the mouse. The average pixel
intensity was significantly reduced in the IPL in both D2 and D2.C1ga compare@nD®i. However,
when compared to pre-glaucomatous animals of the same genddgshowed a significant reduction in
pixel intensity while D2.Clga did not. In the rat the loss ofdiliges in glaucoma was repeated with
OHT.PBS showing significantly reduced average pixel intensity in tbenipared to NT. This loss was
not observed in OHT.Clinh animals, which were statistically unchaingedNT. *P<0.05, **P<0.01,
***P<0.001. For 3-5month Gpnmb+ n=36 sections (9 animals), D2 n=8éree (6 animals), D2.Clga
n=29 sections (5 animals). For 9-11month Gpnmb+ n=28 sectioasirftals), D2 n=25 sections (3
animals), D2.C1ga n=30 sections (3 animals). For rats, NT n= 18 stmm®als), OHT n=16 sections
(3 animals), OHT.C1 n=14 sections (3 animals).
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4.4 Discussion

These data show that C1q deficient mice and rats exhibit reduced RGC dendritic atrophy from
experimental glaucoma. It is possible that this protective effect is the result of reduced
phagocytosis of stressed RGGN.Z P} CS8}e]e ] JVv]3] § (Joo}A]vP-usf § 3§]}
signals such as phosphatidylserine (PS), calreticulin and DNA on cell sUpiidasdet al.
2011). Blocking of PS reduced neuronal death via apoptosis by 90% ifNéheret al.2011)
demonstrating that phagocytosis of stressed, pre-apoptotic cells is common (Brown and Neher
2012). C1qg bound to glycoproteins on the stressed neuronal surfacegnised directly by
microglia or can convert complement protein@G3 to C3b for opsonisation. C1q in association
with calreticulin is recognised by low-density lipoprotein receptor-ralapgotein (LRP) on
microglia (Frickeet al. 2012). LRP activates PI3k (Misra and Pizzo 1998) which hels- a w
established role in phagocytosis (Tamwtaal. 2009); calreticulin activation of LPR has been
shown as a mechanism for the initiation of phagocytosis of apoptotic (disdaiet al. 2005)
The opsonin C3b can activate complement receptor 3 (CR3) on microglia @ etredr2012).
CR3 has been shown to act through the DAP12-ITAM-syk signalling cascade whiclinresults
cytoskeletal rearrangement and engulfment (8hal.2006; Linnartz et al. 2012314 inhibition

luo E n ic Jv]vP 8} Z' e v 8Z % @&} p S]}IV(}A & Zv 33 |i* %G
signals presented to microglia. C1q inhibitor is also known to directtyLld®#® (Lillist al.2005)
and so could also have prevented phagocytic signalling through cdipetnhibition.
Elimination of RGCs through the end stage MAC of the complement system isg/uadikelrrons
in the CNS express high levels of CD95 which inhibit the formatiorsafahiplex (Wanet al.

2007).
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C1q inhibition could also have produced indirect effects on the imnmayséeem. C1q is known

to alter the phenotype of glial cells, in particular through increasing cheraoinduction
(mostly to recruit cells for debris clearance) (Frasieal. 2006; Paidassi et al. 201 Deficiency

in C3 was shown to change the activation profile of macrophages/microglianimuse model

}( olZ Ju E[+ ]+ levelAd GB68, F4/80, INOS and tumour necrosis factor (TNF) were
reduced (Maieret al.2008). In glaucoma models iINOS (Neufeld 1999b; Neefeld2002) and
TNF+ (Tezel and Wax 2000; Kitaokaal. 2006) have shown toxic effects towards RGCs. It is
possible that Clq deficiency, and subsequent downstream inactivation of the classical
complement cascade, may therefore have altered the macrophage/microglia phexnotyp
creating a less neurotoxic environment and protecting RGC dendrites. CD68 (a phagocytic
marker) and F4/80 appear to aid in macrophage/microglia binding to tazgis, the latter
through CSPGs (Stacetyal. 2003), and so their reduction may also limit direct phagocytosis by

macrophage/microglia.

Interestingly, this protection did not extend to synapses as shown by reduc&bP&i2lling in
the IPL in both D2 and D2.Clga mice. However, in the rat C1 inhibitioadpedfective in
preventing the synaptic loss suffered by OHT.PBS animals. C1q is known to s3p&1S€s for
clearance by immune cells in development (Stevens et al. 2007) and sohawaldunctioned
in a similar manner here. The differences in synaptic protection between rats andmaice
reflect different mechanisms of damage among the two models, in particular the chrersias
acute nature of IOP increase. Alternatively, IHC detection may have beemude a method
to detect subtle differences in the loss of synapses between D2 and D2.C1qga strainssTdie |
synapses may be a response to, or consequence of, reduced mitochondrial capstitgsed

RGCs. Dendritic mitochondria are known to be more vulnerable than those in the soma due t
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their increase exposure to local T&hanges, in particular at synapses (Brogtnal. 2006)
increased oxidative stress (Martinetzal. 1996) and distance from the soma where DNA damage
can be corrected (Stauddt al.2014). These culminate in reduced energy output (Battihal.
1995) and lead to synaptic and dendritic loss as demonstrated in other neurodetjeeera
diseases (Williams et al. 2010; Reddy et al. 2012; Williams et al..2018§)inhibition may
protect these stressed dendrites for a longer period or prevent clearance of functionless
dendrites which would be indistinguishable from healthy dendrites when labelledsbi@lliy
since the die propagates through passive Brownian motion (Honig and HA8® and is
therefore not dependant on functioning physiology. The discrepancy between theseésrasul
the mouse and rat for PSD95 IHC may reflect the age difference of the animads sin
mitochondrial capacity has been shown to decrease with age (Battino et &).198nay also

be necessary to increase the sample size in the rat as well as introducitdgagroup in order

to preclude IHC variability and age as the causes of the discrepancy.

The long term consequences of disrupting C1q have not been explorecahdreould prove
detrimental. The removal of cellular debris following apoptosis is thotmlie an important
part of CNS pathological resolution, preventing excitotoxicity and a [lexvimatory
environment (Fet al.2014)V Jv W EIl]Jve}v[e ]+ < uln@Egdrforing thas roig
through phagocytosing Clq opsinised debris (Depbatlwal. 2011) Clqg deficiency may
therefore only provide short term protection. Preventing phagocytosisressed RGCs via C1q
may therefore expand the therapeutic window in which additional interventions eansed to

ensure RGCs survival or recovery.
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Chapter 5: The role of PNNsin RGCdegeneration and remodelling

5.1 Introduction

PNNs stabilise the favourable synaptic connections made during the critical period andtpreven
further growth and synaptogenesis. CSPGs (Perris and Johansson 1987g0alhlf201; Snow

and Letourneau 1992) and other GAGs (Carai.1988; Dou and Levine 1995) have been shown
to be inhibitory to neurite outgrowth of cultured neurons when used as a plating substrate and
these effects have been replicatéa vivoin areas of glial scarring (Gatetsal. 1996; Daviegt

al. 1997; Jonest al. 2003; Imagamat al.2011) Digestion of PNNs with the bacterial enzyme
CSase ABC removes the inhibitory effects of CSPGs in vitro (Metkaol091; Canningt al.
1996; Perriet al. 1996) andex vivoin spinal cord (Dowet al. 1994) and brain slices (McKeen

al. 1995) allowing neuronal outgrowth. When givenvivg CSase ABC has demonstrated an
ability to recover function in conjunction with supporting neuron regrowtbSase ABC
treatment has supported the re-innervation of the striatum following nigrostriatal axotomy
(Moon et al. 2001), provided sufficient plasticity to shift optical dominance in marats
(Pizzorusso et al. 2002) and restore locomotion following spindliajury in mice (Bradburgt

al. 2002) and partially in cats (Tester and Howland 2008is physical barrier and associated
negative growth cues may be prohibitive to the regrowth of the RGC dendritic tresviiajo
glaucomatous instilDigestion of PNNs by CSase ABC may therefore allow for a regrowth of RGC
dendrites following glaucoma. PNNs may also create a physical barrierajotsganesis on the
neurite surface, preventing the translocation and trafficking of receptors (Frischknecht et al.
2009). Disruption of PNNs has shown to enhance synaptic plasticity in coetizahs (Bukalo

et al. 2001; Saghatelyaet al. 2001; Brakebuscét al. 2002), although these synapses are onto
dendrite spines which RGCs lack. In epilepsy, seizures result in a reduction of pais Bitd
Fellin 2008; McRaet al. 2012) which increases synaptogenesis (Mc&aal. 2012) while in
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stoke, downregulation of PNN components is associated with increased outgrowth and
synaptogenesis outside of the infarct (Katsman et al. 2003; Hobohm et &l. R@fketko-Sysa et

al. 2011) Numerous studies have demonstrated the plastic abilities of RGCs to recover their
dendritic tree following the application of exogenous neurotrophins (Peinado-Raghal.

1996; Weber and Harman 200&8AG chains contain binding regions for a number of growth
factors and are thought to sequester growth factors in the neurons local environfixsdse

ABC digestion may allow RGCs to access the endogenous retinal neurotroph{iCua al.

2002) by preventing sequestration and may contribute to dendritic recovidrg.experimental
paradigm (summarised in figure 5.1) was therefore to induce experimental glaucomahesing
magnetic bead model, and administer CSase ABC intravitreally followengeturn and
stabilisation of IOP to normal levels. After 2 weeks, the effects of CSase ABC on R&GCs wer
assessed. The effect of CSase ABC administration on healthy retina was also assessed; the

nuclear layers of the retina were imaged and cell density quantified.
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Figure 5.1 Experimental plan for the role of PNNs in RGC degeneratiorre@nddelling. Baseline IOP
was established in both eyé8) before inducing glaucoma through the injection of microspheres into the
anterior chamber of the left eyéB). The resultant IOP increase typically lasted 2-3 weeks. After the return
of IOP to the level of the contralateral control eye a week wag@fefore injecting CSase ABC or PBS
only (vehicle) intravitreally. The animal was then killed folimna two week period for any remodelling
effects to occufD). For NT CSase ABC control animals no beads were injected so thatepiresise left

eye did not increase, however the animals were maintained fordéu®me duration as perio® and C

before injecting CSase ABC.
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5.1.1 Hypothesis
Digestion of RGC PNNs and extracellular matrix in the inner retinal layers will allanv for

expansion of surviving RGC dendrites.

5.1.2 Ams
X To determine the effects of ECM remodelling on retinal neurons following CSase ABC
administration, in particular whether it produces a toxic effect.
x To determine whether CSase ABC digestion is protective against RGC dendritic atrophy

induced by experimental glaucoma
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5.2 Methods

5.2.1 Assessment of C&ise ABCtoxicity

N e E 3]v 0 S}E]]JSC A s o oo Jv O t]ed E E S ~T UIvEZeeX
subject 8} v Jvi S8]}v }( T...0 N e Protdéuisuaulgar{SBMEBIO) as
described in section 2.2.3. Similar concentrations have achieved GAG dige#ti®ICINS in
other studies (Bruckneet al. 1998; Pizzorusso et al. 2002; Masséwl. 2006). Following a
single injection the GAG remodelling takes >4 weeks to return to normal (Bruckner et al
1998) .The right eye remained as an un-operated control. The animals werezkilledks
(n=4) and 6 weeks (n=4) after injection. The retinas were dissected before labelling
DiOlistically (section 2.3). TOPRO-3 lodide was applied (1:1000)ento visualise all
nudear layers. Retina were flat mounted and RGCs imaged by confocal microscopy (section
2.5.3). RGC dendritic morphology was measured using Sholl and dendrite anatygia (se
2.5.3) in order to determine the effect of CSase ABC on RGC dendritic architecture. Cell
counts were performed as described in section 2.5.2.2 with the exception that images were
also taken of the INL and ONL in the same locations as the GCL so thattmxsitieuronal
cells could be assessed. INL and ONL integrity were assessed using fractal analysis which
measures space filling capacity. Images of the INL and OPL were firstly procdsidedbyn
converting to binary images and applying noise reduction (despeckle) beforengutire
fractal box count tool (Smitbt al. 1996). A fractal dimension score was produced on a scale
where 1 represents no space filling, and 2 complete space filling capacityanimdl from
each time point, whole eyes were instead fixed in 4% PFA before sectioning (2.4.2). These
eyes were subject to IHC using stub-antibodies 1B5, 2B6 and 3B3 as dethiledh section

5.2.1.1 in order to confirm activity of CSase ABC in vivo.
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5211GAGIHC

Primary antibodies 1B5 and 2B6 that recognise CS-stub epitopes C-0-S3l-&hde€pectively
were used. The primary antibodies were applied at a 1:5 dilution (BB&yihg blocking with
5% goat serum (Sigma). For secondary antibody only controls, a number of seston
incubated with only PBS. Goat anti-mouse alexafluor-488 secondary antiblofly (
Technologies; IgG, 1:200) was then applied before nuclear staining, mountingnaging

(2.5.1).

5.2.2 Induction of Qaucama and treatment with C&se ABC
In 27 BN rats, glaucoma (OHT) was induced in the left eyes of 20 animals (as desegbgdrin
2.2.2) with the right eye serving as a normotensive control (NT). IOP was measured by rebound
tonometry for 3 days preceding glaucoma induction and every 3 daywinfo(se section
2.2.1). In 10 animals (OHT.ABC) from the OHT cohort and the 7 un-injectedsghNmaBC),

v JVEE A]JSE o Jvi 8]}v }( 7...0 s’pesformed inithie llefbeyedl week after
IOP returning to baseline (or at the equivalent time point for the second cohort)hdn
remaining 10 animals (OHT.PBS) from the first cohort a vehicle only injection of PBS was

performed.

5.2.3 Hfect of Gaucoma and C@se ABCtreatment on RSCmorphology

Seventeen animals were killed 2-3 weeks following intravitreal injection (OHT=?BSHT.ABC

n=5, NT.ABC n=4). For the assessment of RGC morphology retinas were disskstdyjiesn to
DiOlistic labelling before they were fixed, nuclear stained and flat mounted (seers@c8).
Images of the GCL were collected and cell counts performed (2.5.2.2). RGCs were imaged in th

flat mounted retina (2.5.2.1) and morphology assessed (2.5.3). The RGC class comgiositio
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each experimental group was determined using the classification model derived ite€Bap
Briefly, the 10 variables that contributed to the model were measured for each RGC aseatescrib
in section 3.2.2 and a discriminant analysis performed (see 3.2.5) where thedgraample was
that used in the model (h=101) and where the hold-out sample was comprifetieo

experimental group that was to be classified.
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5.3 Results

5.3.1 Clondroitinase ABCisnot toxic to RSCsand ather retinal neurons.
N e §1A18C Jv 8Z & 8]v A+ }v(]Eu ~&]PuE @iX1i® C o o0
which recognises C-4-S on CS/DS sidechains. Digestion of GAGs appeared to le lingted
inner retinal layers in particular around RGCs. This digestion did not appedute any retinal
cell death. As shown in Figure 5.3 the nuclear layers all appeared to be intact witkibie vi
disruption to integrity. Cell counts in the GCL showed similar numberstditetween control
(699+48/ 39gm?) and CSase ABC (698+69/ |883 injected eyes (P=0.977; T-test). Fractal
analysis of the INL and OPL showed no significant difference in space filling betweps gro

(P=0.61, P=0.21 respectively; T-test).
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Cc-0-S | | C-4-S I C-6-S

Control

CSase ABC injected

Hoescht-33342

Figure 5.2 CSase ABC actinrvivo following intravitreal injection. The digestion of GAGs in the retina
from intravitreally injected CSase ABC was confirmed by the incre@sd-& in the inner retina in injected
eyes compared to control. This was detected by antibody 2B6 through anisendlexaflour 488 labelling

(green). Nuclear layers were stained with Hoescht-33342 (blue). Scale ban+100
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Figure 5.3 CSase ABGn-toxic to retinal neurons Intravitreal injection of CSase ABC did not affect
nuclear layer integritfyA) in the GCL, INL oND Cell nuclei were stained with TOPRO-3 (blue). Cell counts
of the GCI(B) showed no significant difference in cell number. Fractal arsmabfsthe INL and ONIC)
showed no significant difference in space filling. Scale bapmI®rror bars show SD.
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The dendritic tree was also unaffected by CSase ABC action. RGC morphology in CSase AB
injected (n=16 RGCs 2 weeks, 3 animals; n=24 RGCs 63vamiksals) eyes was also unchanged
from control (n=28 RGCs) as shown in Figure 5.4. In CSase ABC injected eyes#reohum
dendrites, total dendritic length and dendritic field area were not significantly different from
control at 2 weeks (P=0.667, P=1.0, P=1.0 respectively; One-way ANOVA witlogost
Bonferroni correction on Logl0 transformed data) or 6 weeks (P=1.0, FR=11®; statistical
analysis as before;) or from each other (P=0.238, P=0.782, P=1.0; as befolean8lysis
revealed similar branching density with Sholl AUC showing no significant difference fitvol co

at 2 weeks (P=0.732; One-way ANOVA with post-hoc Bonferroni correctiowifgl Log10
transform) and 6 weeks (P=1.0; as before) while no difference was observed betwedr62 an
week (P=0.623; as before). At 2 weeks following injection CSaseABC imjgetedxhibited

fewer branches than control at distances of BQ#m from the soma (P=0.006, P=0.033,
P=0.045, P=0.039, P=0.04 for respective distance; all adjusted significance -Whaifikales}

and from 6 week eyes at distances of 604100from the soma (P=0.001, P=0.005, P=0.005,
P=0.001, P=0.005 for respective distance; statistical test as before). This isuikttlae small
sample number as the cells appeared unchanged in all other morphologicasesmabyt could
indicate subtle changes to the dendritic structure. CSase ABC therefore does not appear to be

toxic to retinal neurons nor alter the morphology of RGCs in normotengive e
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Figure 5.4 CSase ABC effects on RGC morphological analysis in normahégestreal injection of CSase ABC in Wistar eyes resulted in no significageshan
to RGC morphology. The mean number of dendiifdstotal dendritic length(B), dendritic field aredC)and Sholl AUD) showed that RGC size and branching
are unaffected by CSase ABC at both 2 weeks (n=16 RGCs, 3 animals) eksl @®&1 RGCs, 3 animals) following injection when compared to c{miit
RGCs 3 animals, n=14 RGCs 3 animals at equivalent time poiotlsan@lysiqE)shows a small decrease in branching density of RGCs at 2 fedelsdng
CSase ABC injection compared to control and 6 week RGCs. Control groups weregroaldthrs show SD fé¢ B, C D and SEM foE
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5.3.3 I0Pchanges in experimental ghucoma

A sufficing pressure increase was not achieved in one animal despite re-injectiso &ngas

not included in the analysis. Analysis of IOP showed no significant difference between baseline,
mean and peak IOP nor IOP AUC in right (NT) eyes of all experimental grospslaast were

pooled for further analysis (n=26). No significant difference was found between the HgRtof

and left eyes prior to microbead injection (P=0.658; T-test); this trendained between NT

control eyes and normotensive left eyes injected with CSase ABC (NT.ABC; n=7) thrdwghout t
duration of the experiment. Here mean IOP, peak IOP and IOP AUC did not niiiganity

from the NT eyes (P=1.0, P=1.0, P=1.0 respectively; One-way ANOVA with@Bsnferroni)

This indicated that the injection procedure alone did not significantly alter |Ofecénd
microbead injection was required in 32% of animals to obtain a sustained IOP increafiaeover
contralateral NT eye. Compared to NT eyes, microbead injected eyes exhibitedfiaasigni
increase in IOP as demonstrated by a higher mean IOP, peak IOP and IOP AUC in both OHT.PBS
(22% increase P=0.001, 74% increase P=0.001, 48% increase P=0.001 respectivedy,; One
ANOVA with post-hoc Bonferroni) and OHT.ABC eyes (18% increase P=0.003, 59% increase
P=0.001, 48% increase P=0.001; as before). IOP in these eyes was also sighifibentian

in NT.ABC eyes (For OHT.PBS, Mean IOP P=0.012, Peak IOP P=0.001, IOP AWrP=0.008;
OHT.ABC, Mean IOP P=0.041, Peak IOP P=0.001, IOP AUC P=0.009; One-way ANOVA with post-
hoc Bonferroni). The average duration of IOP increase was similar in OHT.PBS (n=10) and
OHT.ABC (n=9) at 20+5 days and 18t4 days respectively (P=0.099; T-test).il¢red€¥in

injected eyes was comparable between both OHT.PBS and OHT.ABC groups (Mean I0P P=1.0,
Peak I0OP P=0.592, IOP AUC P=1.0; One-way ANOVA with post-hoc Bonfditatii)g that

any differences to RGC morphology between these two groups would likely iodependen

of I0P.
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Figure 5.5 IOP changes induced by microbead injectiotracameral injection of paramagnetic beads
into the left eye of 18 animals resulted in an increased (®Psustained for an average of 205 days
(OHT.PBS) and 19+4 days (OHT.ABC) before returning to baseline. IOP then remibiador 3 weeks
before animals were killed. The mean I®} peak IORC)and IOP AUD)were comparable in OHT.PBS
(n=10) and OHT.ABC (n=9) eyes while significantly increased conpa¥@d(n=26) and NT.ABC (n=7)
eyes. Injection of CSase ABC alone did not significantly alter IOP TréeweélsError bars show SEM A
and SD iB, C andD. *P<0.05, **P<0.01, ***P<0.001.
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5.3.4 RSCatrophy ard apoptosis following experimental gaucoma

Diolistic labelling gave 87 NT RGCs (17 animals), 43 OHT.PBS R@@s]/3OHT.ABC RGCs
(6 animals) and 27 NT.ABC R@G@smimals) for analysis. Representative cells are shown in Figure
5.6. Cell counts (summarised in Figure 5.7) of the RGC layer revealed only mmeratecells
through experimental glaucoma where OHT.PBS (7 animals) eyes showkdem d&tion from
contralateral control eyes (7 animals) (631+85/ @88 and 744+64/ 398m? respectively,
P=0.002, T-test). Early dendritic loss was evident with total dendriticHesagd Sholl AUC
significantly reduced in OHT.PBS from NT control (P=0.007 and P=0.016 vebpeatie-way
ANOVA with post-hoc Bonferroni on log10-transformed data). Analysis of the $biilk p
revealed a significant reduction in dendrite intersections at distances of 106Gan from the
soma centre (P=0.009, P=0.001, P=0.001, P=0.002, P=0.011, P=0.037 for respeciiee dilstan
adjusted significance, Kruskal-Wallis test). Dendritic field area was not signjficadticed
(P=0.101; One-way ANOVA with post-hoc Bonferroni on logl0-transformed daken
together these data suggest a loss of branching density and complexity. To funtbstigate

this dendrites were categorised according to the centrifugal method and the total diendri
length measured. This ordinal analysis (Fig 5.8, panel E) of dendrites revealed that primary,
secondary and tertiary dendritic length was not altered in OHT.PBS RGCs compared tod\T (P=1.
P=1.0, P=1.0 respectively; One-way ANOVA with post-hoc Bonferroni dirttag&formed
data). Subtracting the total length of these from the total length of the dendri¢ie gave the

total length of the higher order dendrites. The total length of the higher odkandrites was
significantly reduced in OHT.PBS RGCs compared to NT (P=0.001, adjusted sigriiaakal-

Wallis test). These data again suggest a pruning of dendrites in glaucoma.
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On average the distance of NT RGCs from the ONH was 291p#ilddmpared to
2322+101pm in OHT.PBS retinas, this was statistically significant (P=0.002; Kruskal-Wallis test).
However, no significant correlation between distance from the ONH and dendeiticdiea,

total dendritic length, higher order dendritic length and Sholl AUC was four@ @8, £-0.141,

s 0141, § -iXi66 @& *% 3]A oCV "% Eu v[e E vl }JE E }EE o §]
morphology was therefore likely the result of glaucomatous atrophy on the OHT.PBS RGCs

rather than larger dendritic fields of the more peripheral NT cells.

123



Figure 5.6 Representative RGC morpholoBgpresentative images of Diolistically labelled RGCs (and skedetémiages) showing reduced branching density
in glaucomatous RGCs (OHT.PBS) which is recovered or protected against following CBaagm®BC(OHT.ABC). Arrows denote axon. Scale bar= 100um.
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Figure 5.7 Cell counts reveal RGC Id®spresentative images of TOPRO-3 (blue) stained nuclei in the GCL
from NT(A), OHT.PB@) and OHT.AB(C)retina show mild RGC loss. Both glaucoma groups showed a
similar level of cell log®) with a significant reduction in cell number compared to contralateral cdntro
(CC). Scale bar =100um. Error bars show SD. **P<0.01.
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5.3.5 C&se ABCtreatment protects RSCdendrites from glucaomatous damage

The NT.ABC group (n=27 RGCs, 4 animals) confirmed the initial findings ofi¢itg sbudy.
Dendritic analysis revealed no significant difference in morphology to Nffot&GCs (n=87
RGCs, 17 animals) in terms of total dendritic length, dendritic field area and SkbllP&1.0
P=1.0, P=1.0 respectively; One-way ANOVA with post-hoc Bonferroni drttag&formed
data). The Sholl profile was largely similar, with no significant reduction in derndligtisections
at any distance from the soma. Ordinal dendritic analysis showed no signifitmenice in
primary, secondary, tertiary (P=1.0 P=1.0, P=1.0 respectively; statistical analysfigra¥ and

higher order dendritic length (P=0.168, adjusted significance; Kruskal-Wallis test).

In contrast to the PBS treated eyes, treatment of glaucoma with CSase ABC injection was
protective against RGC dendritic atrophy. No significant difference betwednABE (n=38
RGCs, 6 animals) and NT RGCs was detected in total dendritic length, dendritic field area and
Sholl AUC (P=0.63 P=0.699, P=1.0 respectivelyw@n@&NOVA with post-hoc Bonferroni on
logl0-transformed data). Again the leftward shift in the Sholl profile observed in OH&8S e
was not present in OHT.ABC eyes, with no significant difference in dendritic intersectiogs at an
distance from the soma when compared to NT RG@sher, ordinal dendritic analysis showed

no significant difference in higher order dendritic length (P=0.235, adjusignificance;
Kruskal-Wallis test) suggesting that dendritic pruning was reduced. The dendritic protection was
in effect despite the presence of cell death, with cell counts revealing on avenagEaloss of
RGCs in OHT.ABC eyes (n=6 6 anicw@ispared to contralateral control (570+76/ 3982 and
636141/ 398m? respectively P=0.001, T-test). Comparison of cell counts between OHT.ABC and
OHT.PBS showed 10% fewer cells present in the former (P=0.013, T-testyehthve losses
compared to contralateral eyes were similar at 11% and 13% respectively. OHT.ABEZeRGC
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not found at significantly greater distances from the ONH than in NT, NT.ABC nor ®HT.PB
retinas (P=0.126, P=0.892, P=1.0; Kruskal-Wallis test) again suggesting that ecceattiniy

effect on morphological characteristics.
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Figure 5.8 CSase ABC protects from RGC dendritic atrdpiiowing induction of glaucoma in OHT.PBS eyes dendritic atrophy occursvasisheduced total
dendritic length A) when compared to NT control; however dendritic field area isati@red significantly B). This represents a loss in branching density as
shown by the reduced Sholl AUQ and leftward shift in the Sholl profil®). Sholl analysis shows fewer branches at distances ofL&Qdm from the soma

centre (denoted with appropriate P values). Ordinal dendrite analysis revdeéthe branches lost were higher order dendrifgs.In OHT eyes treated with

CSase ABC this atrophy was not present indicating either a protective effemtovery of dendrites. For NT n=87 RGCs (17 animals), NT.ABC n=27 RGCs (4
animals), OHT.PBS n=43 RGCs (7 animals) and OHT.ABC n=38 RGCs.(Eramithais)show SD #& B, Cand SEM i. *P<0.05, **P<0.01, **P<0.001
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5.3.6 No class bias detected in analysis

The classification model derived in Chapter 3 allowed for the estimation ofdhe cbmposition
of the experimental groups. All groups displayed a similar class composition as ishdalsle
5.1. RGgewas the most abundant cell type in all experimental groups, however all cel typ
were present in a similar ratio to the population collected in Chapter 3. Tferahces in
dendritic morphology are therefore unlikely to have arisen from a dispafitglbtypes between

the experimental groups.

Table 5.1RGC class distribution among experimental groups

RGC type (% of total number of RGCs)
RGG RGGE RGG RGG

NT 24 27 39 10
NT.ABC 22 26 37 15
OHT.PBS 23 28 41 9
OHT.ABC 19 30 40 11
Training data 24 29 32 15
(Chapter 3)
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5.4 Discussion

The findings of this chapter have confirmed the dendritic atrophy associated a&itbayha

that have been demonstrated in other experimental models (Weber et al. 1998; Shou et al.
2003; Leung et al. 2011; ¢f al. 2011; Williams et al. 2013). The overall cell death (~10%)
was lower than is usually achieved by similar microbead models (~30%) (Mordjdinibble

2015), however this allowed for the interesting observation that derddmplexity was
reduced without a loss of overall dendritic field size. It is reasonable to amthat one of

the earliest events in dendritic atrophy is therefore the loss of small higher orderitend

(as evidenced by ordinal analysis), which precedes cell shrinkage (of both the soma and
dendritic tree) observed in other models (Weber et al. 1998; Shou et @8)2The use of
CSase ABC as a treatment for the recovery of dendrites proved successful, with RGC dendritic
atrophy seen in vehicle only (OHT.PBS) treated eyes not present in OHT.ABCeesigslarh
overall loss of cells and the magnitude and duration of IOP increase suggest that ke CSa
ABC treated eyes suffered comparable glaucomatous damage, however it is unclear whether
the CSase ABC provided a protective or regenerative effect. This is the first instance, to our

knowledge, of treatment with CSase ABC proving effective on dendrites rather than axons.

Digestion of PNNs may have removed the inhibitory effects on neuronal grdlwehcore

protein which is exposed following CSase ABC digestion of the sidechainsstietsosome

inhibitory affect independent of those from those of the overall GAG (Inagaai. 2001).

PNNs are known to sequestrate growth molecules (Mdewal. 1998a; Milev et al. 1998c)

and so their digestion could have freed a larger proportion of the endogeneurotrophic

pool to promote dendritic re-growth. CSPG binding to Prot8i§-E }e]v %0 Z}*%Z S o  Z
been shown to dephosphorylate TrkB and inhibit BDNF signalling (Kurihara anshitama

2012). BDNF has proved efficacious in recovering dendritic trees from glauodoced

damage (Mansourrobaey et al. 1992; Mey and Thanos 1993; PeinadoaRdmb 1996;

130



Chen and Weber 2001) and could have contributed to the protection obddrere. PNNs
have also been shown to bind proteins such as semaphorin 3A which are knoestrict
plasticity in the adult CNS (Kantet al. 2004). The proteins act as guidance cues during
development but also form components of glial scars following injury. Esjone of the
protein and its receptor continues into adulthood in the retina (de Wirgeral. 2004)
Semaphorin 3A has demonstrated chemoattractant properties for cortical dendritesRoll
et al. 2000). Interestingly, Schuéz al. (1990) demonstrated that cultured RGCs could be
maintained by the addition of CSPGs derived from the neonatal superior collittuiss.
possible that the CSPG sideains, once freed from the PNN core proteins could have

produced a similar protective effect.

The application of the RGC classification model derived in Chapter 3 showed tméaa si
class composition was captured in each of the experimental groups here. Thes dEyee

of confidence that the differences in RGC morphology observed between groupshate
the result of sample bias. The groups displayed a higher proportion of R&Cexpected
from the initial population collected in Chapter 3 and those found by otherse$al.
(2002a). This likely reflects the propensity of the model to overestimateuheoer of RGE
However, the ratios of misclassification to R@ similar among types and so it is unlikely

that the misclassified RG&present distinct types in the different experimental groups.

The findings of this chapter demonstrate that CSase ABC could form atxeaitheent for

the protection or re-generation of RGC dendritic trees. The assessment of toxicity
pdemonstrated minimal disruption to the nuclear layers suggesting that the injeatiarnd

be well tolerated and would not affect visual function. Normal RGCs were not altered
morphologically apart from reductions in the number of intersectionSholl analysis at 30-

70um and 60-10Qm from the soma, 2 and 6 weeks after CSase ABC injection in Wistar rats
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These were the only morphological changes detected and were likely dtieetsmall
sample size of RGCs in these groups given that the CSase ABC injected BN rats showed no

changes to RGC morphology.
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Chapter 6: GAG pattern changesin glaucoma
6.1 Introduction

Clarket al. (2011) demonstrated that within the human retina GAGs are differentially
distributed and that sulphation patterns change amongst the retinal layers. Evidence from
other neurodegenerative diseases and CNS pathologies suggests that GAG composition in
the ECM Z vP o E *posd }( 8Z %o $Z}dipeaSexand wtheo HEmputidE [ «
like diseases, DS amtSaccumulate in plaques (Snaat al. 1988; van Horsseat al. 2002)

while sulphation patterns change to include a greater proportion of &{dewitt et al.
1993). The glial scars formed in traumatic brain injury, spinal cord injurfpoding stroke

also contain high proportions of CSPGs (Fawcett and Asher 1999eAah@002; Katsman

et al. 2003; Solemast al. 2013) which are likely to be formed as a response of reactive glial
cells (Silver and Miller 2004; Propegtial.2005) to contain the spread of inflammation and
neurodegeneration (Faulknart al. 2004) Glial activation results in the upregulation and
secretion of CSPdn vitro (Johnsongreeret al. 1992; Koopset al. 1996; McKeon and
Nophachi 1998) anih vivo(McKeon et al. 1991; Jones et al. 2002)glaucoma, where the
presence of reactive glial cells has been well documented, it is possible that tipesition

of GAGs may be altered. In development GSPGs repulse axons from nonaisaget
(Bandtlow and Zimmermann 2000). If areas of RGC loss are populated byedagji@athen

one may also expect increasedRGSecretion and depositiarThis may cause a barrier to
re-growth and expansion of RGCs into damaged areas, limiting the potential for RGC
recovery. Glial scars in CNS injury represent a major barrier to re-innervation (Bradbury and
Carter 2010). Over-sulphation of GAGs in these retinal areas could also provedatyaion

the re-growth of RGC dendrites as sulphated GAGs are known to be more inhibitory to

neurite outgrowth than non-sulphated GAGs (Sraval. 1990; Properzi et al. 2005).
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In this chapter, GAG composition and sulphation patterns were explorecducarhatous

rat and human eyes and compared to control. CSase ABC cleaves CS/DS GA¢ahgins |
*% ](] @& ] 4 cU IVIAv o Ze3pu %]3}% *[U AZ] Z & (0 3§ §Z
These can be detected by antibodies 1B5, 2B6 and 3B3 which recognise @-&-ang€-C-

6-S respectively (Caterson 2012he donor glaucoma eyes used were complete with visual
field tests performed <24 months before death which will allow for invatiig of areas

with known visual deficits. This allowed for the exploration of the relationskiwéen

visual deficits (and by extension disease severity) and the GAG profile of i, reith

particular attention on CSPGs of the GCL and IPL.
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6.1.1 Hypothesis
In glaucomatous eyes the distribution and composition of GAGs is altered from the normal

State.

6.1.2 Ams
x To determine whether experimental glaucoma induces changes in the GAG pattern in
the rat retina.
x To determine whether glaucomatous human donor eyes exhibit chaingd® retinal
GAG pattern.
X To determine to what extent any changes relate to disease severity as assessahby v

function.
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6.2 Methods

6.2.1 Gaucomainduction and intravitreal injection of CSase ABCin BNrats

Of the 27 BN rats described in Chapter 5 (5.2.2), 6 animals with experimentdmgia (n=3 for
OHT.PBS and n=3 for OHT.ABC) and 3 without (NT.ABC) were designated for IHC analysis
presented in this chapter. Animals were killed 2 weeks following intravitmgsadtion (as per the
experimental paradigm described in Figure 5.1) via perfusion fixation (see seddidn. 2.
Following fixation the eyes were cryo-protected in 30% sucrose apieh 1ick sections cut on

a cryostat as described in section 2.4.2. Sections were subject to Alcian blue staining and IHC as

described below.

6.2.2 Human tissue preparation

Human donor eyes were obtained from the Mayo Clinic (MN, USA) and all work wed oaitri

in accordance with the Human Tissue Act (2004) and US HIPAA regulations. Distitkonbr

eyes are displayed in Table 6.1 showing glaucoma and age matched controls. Eyesewere ag
matched as closely as possible; glaucoma donors were 74.5+3.5 years compabebtib.5

years for controlEyes were fixed (4% PFA) within 24 hrs of death. In all instances the cause of
death was not deemed to have a direct pathological effect on the retina (erg.thama), nor

did the control eyes have any history of retinal pathology. Donorcglana eyes (n=4) were
accompanied with visual field test information from 1 to 2 years befl@ath taken at the Mayo
Clinic. The retina was dissected free from the sclera and cut to leave a 2mm region simgound
the ONH. Four areas of retina corresponding to the anatomical position of 4 fieddalest
locations (Humphrey 24-2, Threshold test SITA standard strategy, Goldman Il target) we
chosen from regions of high (n=9) and low visual deficit (n=7). The |éveéfizit was

determined according to the visual field threshold and total deviation. Regpioally matching
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areas were dissected in control retina. Locations were measured relative to the fovea using the
conversion of visual degrees to mm distance (Drasdo and Fowler 49dhducted by Lest

al. (2009). The areas were cryo-protected in 30% sucrose before freezing in OCT (see sect
2.4.2). Sections were cut at a thickness giirhtbefore conducting Alcian blue staining and IHC

analysis.

Table 61 Donor eye details

Lengthof Time
_ | fixation between
Time to fixation
Age _ before IHC | visual field
Donor ID | Group Sex following death
(years) (hrs) (years) test and
rs
death
(months)
GL239 Glaucomal M 77 3.8 3.5 23
GL277 Glaucoma| F 72 <24 1.16 18
14-0865R | Control M 66 10.5 1.16 NA
14-0899L | Control M 85 6.5 1.16 NA
6.2.3 Alcian blue staining

CS, DS, HS and hyaluronic acid are ionised at pH2.5 and attract the aciymritcian blue
through electrostatic linkage (Bancradt al. 1996). The major components of the ECM/PNN can
therefore be examined as a whole. 1g of Alcian blue 8GX (Sigma-Aldriatizsaged in 0.5M

Acetic acid (pH2.5) and cryo-sections were stained in series. Sections were separated using a
hydrophobic barrier pen and the stain applied for 8 hours. The sections werdtledly washed

with 0.5M Acetic acid (pH2.5) only, before being rinsed with8dMAhe nuclei were counter-
stained with Celestine blue (Celestine Blue 0.5g, ammonium iron(lll) sulphafy&eyol 14ml,
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100ml ddHO; all Sigma-Aldrich) for 5 minutes before washing with-O¢Maynardet al.2014).
The slides were dried, and a coverslip applied over hydromount (National diazg)osthages

were captured using a Leica DMRA2 with a Leica MC170HD camera attached.

6.24 GAGIHC

IHC followed the protocol described in section 2.4.3. Primary antibodies 1B5, 2B8&arkat
recognise CS-stub epitopes (C-0-S, C-4-S and C-6-S stubs respectively) were usetaryhe p
antibodies were applied at a 1:5 dilution (PBS) following blocking5#ittGoat serum (Sigma).
For secondary antibody only controls, a number of sections were incubatedmlitiPBS. After
rehydrating section and before the application of the block sections were incubatdd wit
0.5U/ml CSase ABC (Sigma) in 1M Tris acetate (pH 8 at 37°C). The sampfdacedran a
humidity chamber and incubated for 8 hours in an orbital incubator &C3 Following
incubation the samples were washed with PBS for 5 minutes (3 repeats). Primary asibodi
were then applied as normal. As a control to this pre-IHC digestion step a nafngections
underwent the same protocol but with only Tris acetate applied. Goat anti-malesefluor-
488 secondary antibody (Life Technologies; either IgG for 1B5, 2B6 or IgBBjowas applied
(1:200). Sections were imaged using a Leica DM6000B as described in sestlomngi

fluorescent intensity was quantified.
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Figure 61 Visual field tests corresponding to donor eyéegisual field thresholds (dB) and corresponding total deviation % grgudpr donor eyes
GL239 and GL277 conducted 1 to 2 years before death. The field testétaarphrey 24-2, Threshold test- SITA standard strategy, Goldman
11l target.Areas of the retina corresponding to the test locations (9 areas of visuelt@efd 7 areas of no detectable visual deficit) highlighted in red
were dissected and analysed using GAG IHC. The black triangle denotesitioa pf the ONH.
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6.3 Results

6.3.1 The GAG profile in the rat retina is unaltered in experimental glaucama

Alcian Blue staining in the rat retina showed that GAGs are distributed throughout the retinal
layers, but are mostly concentrated within the GCL, ONL and inner segments (IS) of the
photoreceptors. This pattern was consistent for experimental glaucoma animals and those
treated with CSase ABC. A more detailed and quantifiable assessment of the GAG pattern was
investigated using stub antibodies 1B5, 2B6 and 3B3 that recognisg, @G-S and CS6-
respectively. Application of CSase ABC directly onto sections revealed the GAG sulphatio
pattern of the retina. There was no 1B5 labelling present in the rat retina in all exgaal
groups, with fluorescent intensity not significantly different with respect to secondauty
controls. C-4-S was found in all retinal layers in a similar piopoExperimental glaucoma did

not alter the sulphation pattern of the retina as there was no significant difference in the
average pixel intensity corresponding to 2B6 labelling between NTO&HHPBS (P=1.0 for all
retinal layers; One-way ANOVA with post-hoc Bonferroni). Treatment with CSase AB#&tlalso h
no effect on C-4-S distribution or intensity compared to NT (P=0 dllfeetinal layers; statistical

test as before) or OHT.PBS (P=1.0; as before). Administration of CSase ABC alonenalso had
effect with no significant difference between NT.ABC and NT, OHT.PBS and OHT.ABC (P=1.0,
P=1.0, P=1.0 respectively; values for all retinal layers; statistical test as befordd. 3B@a
labelling corresponding to C-6-S sulphation was found diffusely througheuetina, but was
concentrated at the photoreceptor inner and outer segments (IS, OS respectively), Again
significant difference in C-6-S was found between any experimental groups fortheyrefinal

layers indicating that glaucoma and CSase ABC treatment had no effect on thésapheition

pattern of the retina.
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Figure 62 GAG labelling in the rat retinaGAG distribution was similar amongst experimental groups.
Alcian blue staining revealed that GAGs are located within alaleleyers but are most highly
concentrated in the GCL/NFL complex, ONL and photoreceptor IS. Labelling widndtildodies 1B5,

2B6 and 3B3 (that recognise C-0-S, C-4-S and C-6-S respectively) aftekBISdggestion of sections
showed that the sulphation pattern of GAGs differed in the retinal layerly. O#-S sulphation occurred

in the inner retinal layers in high levels. C-6-S was mastglised within the IS and OS. C-0-S was not
found in any retinal layers. Pixel intensity analysis revealedttfeae was no difference in sulphation

% 58 Ev SA v VvC }(8Z A% EJu vd 0 PE}u%*X ~ 0 E A iii..uX
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6.3.3 The retinal GAG sulphation pattern changes in human glaucama

The overall distribution of GAGs within the human retina was similar to that seen in the rat.
Again, GAGs were stained in all retinal layers and were more highly concentratedNiALiigCL,

ONL and IS. There did not appear to be any difference in this pattern icogiatous eyes in
regions of visual deficit (glaucoma) or regions of no visual deficit (Norraat@ha, NG).
Labelling with stub antibodies following CSase ABC digestion of the sectionsdetieal
sulphation pattern of GAGs in the human retina. In the controls, strorgliadp of C-4-S (with
antibody 2B6) was present throughout the retina, and was particularly intemsbe NFL,
nuclear layers and photoreceptor segments. C-6-S labelling (with antibody 3B3gtsated

very weekly throughout the retina, but was concentrated at the photoreceptor segments. C-0-
S (labelled with antibody 1B5) was not detected in the retina, the fluorescent intemagynot
significantly different to secondary only controls in any of the retinal layarglaucoma, the
average pixel intensity for C-4-S labelling was significantly increased ovealroanmtrol retina

in the NFL/GCL complex (70+22 against 44+16; P=0.004, One-way ANO\pdsivhbc
Bonferroni) and IPL (55.6+16 against 38+13; P=0.013, statisticalstéstfore). For all other
retinal layers there was no significant difference. C-6-S labelling was also altered with the
average pixel intensity significantly higher in glaucoma than control ilNfle'GCL complex
(117 against 4+3; P=0.042, statistical test as before), but was not signjfichatiged in all
other retinal layers. The GAG sulphation pattern therefore appears to change in glaucomatous

eyes in the inner retina with the outer retina unaffected.
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Figure 63 Alcian Blue staining of human retindGAG were again distributed amongst all retinal layers,
and were highly concentrated in the IS. There was no clear differenédcian blue (blue) staining
between control, and glaucomatous retinas. Regions of no visual defigiaicomatous eyes (Normal
Glaucoma) were similar in their GAG distribution to both control ardi€dima eyes. Nuclear layers are

stained with Celestine blue (purple).
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Figure 64 Sulphation pattern changes in the human retina in glauconha.the human retina, the sulphation pattern was similar to that in tae
with C-4-S sulphation the most abundant and distributed througtetifial layers. C-6-S was found weakly in all layers but was partjcateshg in

the photoreceptor IS and OS. Again, there was no detectable 1B5 labellingtsugtfest there is no C-0-S sulphation in the human retina. Areas of
visual deficit in glaucomatous eyes exhibited increased 2B6 labiellihg NFL/GCL and IPL, indicating an increase in C-4-S in thes@ aisaxrease
was not seen in areas of no visual deficit (Normal Glaucoma) sungéstt the increase in C-4-S is localised to regiodsrobge. Scale bar=10Qn.
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6.3.5 The GAG pattern differs in areas of highvisual deficit

In order to relate the changes in GAG patterns to visual deficit the areas were groupedrgcord

to visual field total deviation. The total deviation describes how the thresholiéaeth at each

test area differs from a normal control population. Areas that showed signifamnation were
grouped as glaucoma, areas that showed no significant deviation were grouped aal norm
glaucoma (NG) and areas from control retina were grouped as contro§ @ab unchanged in

NG areas compared to control, showing no significant difference in average pixsity in the
NFL/GCL complex (2942 against 44+16; P=0.564, One-way ANOVA with post-hoc Banferroni)
IPL (22+3 against 38+13; P=0.157, statistical test as before). Glaucoma areas showed
significantly greater C-4-S labelling than NG area in both the NFL/GCL x¢R@22 against

29+2; P=0.001, as before) and IPL (56+16 aga#is; P=0.001, as before). Labelling of &-6-

in NG areas showed no significant difference to control in the NFL/GCL complé&xafférst

4+3; P=0.070, as before) but was similar to that in glaucoma areas (1dipsta+7; P=1.0, as
before). These data show that the GAG sulphation pattern changes significantly only in the areas

of visual deficit.
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6.3.6 The magritude of GAG pattern change in the IPL shows relationship to visual deficit

The magnitude of total deviation (dB) was found to correlate inversely witmteesity of C-4-

S labelling in the NFL/GCL complex (r=-0.566; P=00088, Eu v[e (E vl }E @d }EE o0 §]
IPL (r=-0.737; P=0.001,; statistical test as before) suggesting an incréade®tulphated GAGs
with disease severity (deviation is a negative value). The intensity of C-6-$dpbelthe
NFL/GCL complex did not correlate significantly with the total deviation, showirgjationship

(r=0. 314; P=0.204; statistical test as before). The statistical chance that the total ateviati
recorded at each test location is not significantly different from a normal coptpllation is

also given in the field analysis. These chances are given as <5%, <2%, <1% andr<® &%. Fo
the chosen deficit areas this was a <5% chance and was a <0.5% chance for tite Wthen

the areas were grouped according to this chance, the average total deviation was -2B.1316

the <0.5% chance group, -7.6+5 dB for the <5% chance group, and.22iBt@r those areas
that are not significantly different from a normal control population. The takaviation was
significantly greater in the 0.5% group than normal group (P=0.001; Krusk&-t&&t) and the

5% group (P=0.021; statistical test as before) but the 0.5% group was not sidgiyifittierent

from control normal group (P=0.303; as before). Grouping according to the % chancetberef
reflects the severity of visual deficit. In the GCL/NFL average pixel intensity®fabelling did

not significantly differ when comparing the 0.5% and 5% group (75x22 2121, P=1.0; One-
way ANOVA with post-hoc Bonferroni) but was more highly significant in thell@ab05% group
when compared to control (P=0.003 compared to P=0.013; statistical testfaep However

in the IPL, average pixel intensity corresponding to C-4-S labelling was sitpifjcaater than
control in the 0.5% (57117 against 31+13, P=0.006; statistical tesf@®but not in the 5%
group (52+17 and 31+13, P=0.160; as before). The magnitude of GAG pattern change therefore

appears to relate to the degree of visual deficit in the IPL but not the GCL. Agallngabf C-
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6-S showed no significant difference to control in the NFL/GCL comm@#kenthe 0.5% or 5%
group nor between the two latter groups (P=0.263, P=1.0, P=1.0 regplycstatistical test as

before).
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Figure 65 The degree of sulphation pattern change varies according to visdeficit. In NFL/GCL
complex and IPL C-4-S (labelled through 2B6) was significantly increasedamglnus eyes in areas of
visual deficit (Glaucoma) compared to areas of no visual deficit (NGoanticbl eyegA). C-6-S sulphation
(labelled through 3B3) was also increase in the NFL/GCL complexdargéaaompared to control, but

not in NG area$C) Grouping the glaucoma areas according to the total deviation (into groups 5% and
0.5%, which reflect the severity of the visual deficit) showed thateases in C-4-S sulphation in the
NFL/GCL occurs in areas of both moderate and severe visual ¢&fidit the IPL, C-4-S sulphation only
increases in areas of severe visual defiBj} while the increase of C-6-S became non-signifi¢&nt
Increased C-4-S sulphation therefore correlates with visual tafid may reflect pathological changes

to the retina. Error bars show SEMP<0.05, **P<0.01, ***P<0.001.
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6.4 Discussion

The findings of this chapter show a differential distribution of GAGs withinetieal layers in

both rats and humans. C-4-S, and to a lesser extent C-6-S, were found throughouirtak ret
layers, with the former particularly strong in the NFL and GCL. These results are in agreement
with Clarket al. (2011) who also showed C-4-S and C-6-S labelling in the human katinever,

they showed that C-0-S was present throughout the retina whereas no labelling of C-0-S was
identified here in rat or human retina, as the average pixel intensity was noifisagrly

different to secondary antibody only controls. Strong C-6-S labellingyaakler C-4-S labelling,

in both the Brown Norway rat and human inner segments has been previously showfieldblly

et al. (1999), consistent with the results presented here. C-4-S demonstrated asdticali

around the RGC somas in the GCL in both rats and humans. CSPGs have previously been shown

to form a dense surround to RGCs (Aquino et al. 1984) as is seen in other PNN bearing neurons.

Human retinas showed an increase in both C-4-S and C-6-S in the NFL/GCL in glaucoma eyes (in
regions of visual deficit) with the former also increased in the IPL. Increased CSPGaxpressi
particular altered sulphation patterns which are a feature of CNS neurodegenerative diseases
(Dewitt et al. 1993), have been shown in lesions of the optic nervewinitp crush (Selles-
Navarroet al. 2001) and in the ONH in glaucoma at the site of the lamina cribrosa in primate
eyes (Fukuchi et al. 1994) and the optic nerve in Brown Norway rats (Jobhsdnl996)

Increased expression of the core proteins to which the CS/DS GAGs attach have also been shown
as a response to a number of CNS insults (Jones et al. 2002; Btadb@002). Neurocan, which

has very few CS/DS GAG sidechains increases after retinal ischemic injury €inatst000)

Further investigation with antibodies specific to other components of the CNS ECM may

therefore uncover even greater changes in the GAG profile of the retif@vio glaucoma.
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The increase in sulphated CS/DS GAGs in glaucoma may be the result of increased synthesis and
secretion from reactive glial cells. Glial cells secrete CSPGs in response(kc&Bigh et al.

1991; Haaset al. 1999; McKeoret al. 1999) and retinal injury (Inatani et al. 2000) and CSPG
labelling is often associated with that of GFAP (McKeon et al. 1991; Dewitt1&93). It would

be interesting to explore whether in regions of glaucomatous retinasiribeeased sulphated
CS/DS GAGs were co-localised with GFAP labelling. Given that CS/DS sulphation increased
human glaucoma, and that experimental glaucoma models have shown a similar pattken

ONH (Fukuchi et al. 1994; Johnson et al. 1996), the lack of chahgeat retina is unexpected.

It is possible that a) this reflects the differing nature of experimental and hugteucoma, b)

that the experimental glaucoma was too moderate to induce any GAG changes asttelVaea

only ~10%, c) that the relatively young age of these rats was not coediac®AG changes or

d) that the 6 week period was not long enough for sufficient changes if any to occur.

In the cases of glaucoma described previously (Fukuchi et al. 1994; Johredoh3%5), C-4S

and C-6-S increases were related to the severity of glaucoma. Using the total deviatiguabf
deficit from the visual field test as a measure of disease severity, the increagk $f9€en here

in human retina was correlated to the disease severity. Although some prominenestudi
predict a linear relationship between visual field sensitivity and RGC loss (Quigley1 @82;
Harwerth et al. 1999) the relationship is curvilinear and shows a two stage linear relationship
when plotted on a logarithmic scale (Garway-Heathal. 2002; Swansoret al. 2004). The
relation of sensitivity to disease severity is therefore justified, however cawtioedessary in
interpreting these GAG pattern changes in relation to actual RGC loss. The largest confounder

to the validity of these results is the high test-retest variability of vifield analysis (Artest
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al. 2002) and the time between the field analysis and death and thereforee meiimal areas

should be analysed in order to mitigate the effects of any erroneous sensitivity measurements.
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Chapter 7: General Discussion

This chapter provides and overview of the results obtained in the experimental chapters, with
particular focus on the consequences and potential mechanisms behind the observations of

RGC dendritic atrophy, dendritic protection and GAG changes.

7.1 RGCdendritic and synaptic atrophy

This thesis presents further evidence for the loss of dendrites as an early event in experimental
glaucoma and concurs with the findings of reduced dendritic branching andsieeldn other
models (Weber et al. 1998; Shou et al. 2003; Morgan et al. 20@8;al. 2011; Feng et al. 2013;
Williams et al. 2013). In both chapters 4 and 5, OHT eyes suffered significaneRditicd
atrophy. Interestingly, this loss was milder in the injected eyes in chapter Sctiegter 4 and

likely reflects the impact of differing IOP profiles. The increase over controkewaghly, 50%
greater in mean and peak IOP and 25% greater in IOP AUC for the OHT elyaptén 4
compared to chapter 5. The extent of dendritic loss mirrored this difference in I0Pthaith
more acute pressure increase producing greater dendritic atrophy including dentieikil
shrinkage. The latter was not observed with the more moderate pressure increase achieved in
chapter 5. Further investigation revealed that dendritic loss here was confined to the higher
order dendrites. The acute nature of IOP increase has been shown to correlate to the degree of
RGC apoptosis (Ged al.2005) and dendritic atrophy (Li et al. 2011) and so reflects the severity
of glaucoma. These results therefore allow for potential insight into the psooésiendritic
atrophy and are suggestive of an initial loss of higher order dendritesamittaintenance of
overall shape in the early disease process. Investigation of the RGC morphalbgyhuman
retinas used in chapter 6 would be of particular interest, especially in the areas where no visual
deficit was detected as these may be in the stages of early dendritic loss.
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To understand why dendritic loss should occur as a consequence of glaucoma it is important to
consider the unique nature of RGCs among other neurons. The axons of the RGC must traverse
the retinal surface and exit the eye to innervate CNS targets. As such the axons cannot be
myelinated without disrupting vision and so must carry action pbo&s without saltatory
conduction for the distance of a few millimetres to centimetres (Crish and Calkirk. 201
Mitochondria are therefore concentrated at the axon hillock of the RGC to provide thesagges
energy (Barron et al. 2004). Given that one study has estimated the total ATP consumption of a
resting cortical neuron at 4.7 billion molecules per second @hal. 2012), it is clear that the
highly active RGCs demand considerable energy. The mitochondria of a neuronsousttet

for the local demand in dendrites as well as axons - restoring ion gradieotsyh ion channels

and maintaining Cabuffering (Brown et al. 2006; Schwarz 2013). Live imaging of mitdciao

has shown their movement and distribution to be highly dynamic (JakolB$§)2(rhese
organelles are continually turned over, removing those that are old and damagedsavita
10-40% moving at any given time (Ligon and Steward 2000; Wang and Sch@&xz&ven the
evidence of hypoperfusion, oxidative stress and homeostatic disruptigtaircoma (Minckler

et al. 1977; Tezel et al. 2010), RGCs would be placed under consdstraih to meet the
energy requirements of the cell. Mitochondria in dendrites have shown to be suseeptible

to damage than those in the soma due to their relative isolation. These mitoclaohdvie a
longer lifespan , exhibit slower movement, and greater exposure and vulnerabil@g* flux
(Brown et al. 2006) and oxidative stress (Martinez et al. 1996). It is reascihaioéfore to
suggest that the dendrites bear the brunt of the pressures on energy demand in stressed RGCs,
with the most distal tips effected first. Dendritic mitochondria have shown greaterelgéed
changes in their energy output (Battino et al. 1995), increased DNA deletiompaited fission

compared to those in the soma (Stauch et al. 2014). Associations between défects
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mitochondrial fission genes and glaucoma have also been found (Abu-Aahak®006; Wolf

et al. 2009; Sundaresaet al.2015), while RGC dendritic atrophy is also a feature in diseases of
mitochondrial dysfunction (Williams et al. 2010; Williams et al.220These findings suggest

that failure to maintain a sufficient dendritic pool of mitochondria could contiétto dendritic

loss in glaucoma. OHT eyes showed decreased PSD95 labelling in dhamdéting a loss of

RGC synapses which may have been associated with stressed dendritic mitochondria. Synaptic
0}ee Jv 01Z Ju E[s ] ¢} 138 A]3Z Vv}EuU 0 u]3}@EZBZ EJ0 fuv 5]}

pathology (Reddy et al. 2012)

154



7.2 The influence of the RGCexternal environment on dendritic atrophy

7.2.1 The immune s/stem

Activation of the immune system is thought to be an early responsdaircgma, with the
upregulation of various ligands and cytokines (Ahmed et al. 2004; Agwd02008; Howell et
al. 2011; Johnson et al. 2011) encouraging immune cell infiltrana recruitment to the ONH
and retina (Son et al. 2010). Work in this thesis has built upon a grdeihgof evidence for
the involvement of the complement system in glaucoma (Staal. 2006; Stevens et al. 2007;
Tezel et al. 2010; Howell et al. 2013) showing that RGCs can be partitdiytga from dendritic
atrophy through inhibition of C1q in both rats and mice. C1q binthneell surface markers of
stress has been implicated in the initiation of phagocytosis by immuite (&rdai et al. 2005;
Shi et al. 2006; Fricker et al. 201IR)the data presented in chapter 4 both rats and mice showed
a reduction of synapses in the IPL with glaucoma in agreement with others (Della Santina et al
2013), but this was prevented in rats through C1q inhibition. Givendleeof C1q in synapse
elimination during development (Bialas and Stevens 2013) it is pladiséi similar mechanisms
contribute to the dendritic, and by extension, synaptic loss in RGCs (Steven0&t/@l Further
investigation aimed at identifying co-localisation of C1qg, PSD95 ankkersanf phagocytosis
such as IBA1 would provide evidence of direct tagging of synapses for cleafdmce.
upregulation of complement is also a feature of other neurodegenerative diseases where the
antigenic profile of glial cells has been noted to resemble that of immature (@dngondkt al.
2004; Fonsecat al. 2004) and so could aberrantly function in a manner similar to that durin
the period of synaptic refinement. During this period synapses are eliminateah iactivity
dependant manner, where stronger synapses impose both protective and punistsigerais,
with the latter contributing to the elimination of weaker, neighbouringhagses (Jennings

1994). C1g and C3 have been suggested as one method of punishment signalling (Stevens et al.
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2007). Perhaps the weaker synapses in stressed RGCs are preferentially cleared in this manner

in neurodegenerative diseases such as glaucoma.

7.2.2 The retinal EEM

During the period of synaptic refinement, and in the preceding stage of rejinaptogenesis,

the GAG ECM environment is heavily involved (Inatani and Tanihara 2002). Dynamic changes in
GAG expression act as guidance cues for dendrites and axons but then stabilise ttonmain
favourable connections (Blue and Parnavelas 1983; Dityatev et al. 20@7EA® profile then
remains unchanged (Inatani and Tanihara 2002). In glaucomatous rats, those trett€base

ABC did not show significant signs of dendritic atrophy, however the experiment pedor
cannot distinguish whether this was a protective or regenerative effect. In the calise latter,
application of CSase ABC has allowed for regeneration of axons through GAG ristagial
(Bradbury et al. 2002) or removed the constrictive PNN allowing a shift in ogtoaihance
(Pizzorusso et al. 2002). Discerning the mechanisms by which these effedtsculminate in

RGC dendritic survival is complicated by the vast and often conflicting nature of GAG functions.
For instance, GAGs have been shown to inhibit neurite outgrowth (McKeonl&xdl; Inatani

et al. 2001) but also promote it through neurotrophic effect (Schulaleif990; Nichokt al.

1994). GAGs have also been shown to bind numerous growth factors (Mile\i898h; Milev

et al. 1998c¢) although this is likely for sequestration rather than presentation to the delB<S

for instance have been shown to inhibit BDNF binding to its receptor (Kardrar Yamashita
2012). If, as hypothesised, digestion of GAGs in the retina removed the inhiloifBCs from
PNNs then the cells could have been free to receive neurotrophic stimuli found emolog)y

in the retina (Cui et al. 2002). However, the core proteins left followin@ €dechain digestion

have themselves shown inhibitory effects on neuronal growth (McKeon et al. T988)ECM
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environment is clearly multifaceted with respect to neuronal interaction. What impact would
the digestion of the ECM have on the neurons that it is tasked with supporting? Iatestigf

the toxicity of CSase ABC when injected into the vitreous showed no significant ndossnial

the retina nor changes to RGC morphology in normal eyes. These data suggest that GAG
digestion is safe, but digestion could change the hydrodynamic piepecharge density and
diffusion parameters of the extracellular space (Bruckner et al. 199&chizophrenia, where
impaired synaptic connectivity and pruning are features of the disease loah@¢McGlashan

and Hoffman 2000), association with polymorphisms in genes encoding PNibments have

been found (Muhleisert al. 2012) while post-mortem human tissue has shown a decrease in
PNNs (Maunet al. 2013; Pantazopoulost al. 2013). In particular, fast-spiking parvalbumin-
positive GABAergic interneurons, which are PNN positive, are known to be functiomiyed

in the disease leading to cognitive and perceptual defects (Bitanihetved. 2009). Disruption

to PNNs in schizophrenia may not only effect synapse stability but alsdaadtbalances and

thus disrupt the firing properties of these neurons (Bitanihirwe and Woo R0llese suggest

that GAG digestion by CSase ABC could have consequences for the electioglbgsio
properties of the RGCs that would need to be investigated further before CSase ABC treatment

could be considered efficacious in treating glaucoma.

7.2.2 Association of the Immune system with the EOM

In human glaucomatous retina, regions of high visual deficit correspondedneitheised levels

of sulphated GAGs. This was in agreement with other areas of the eye in glaucoma (Fukuchi et
al. 1994; Johnson et al. 1996) and in other neurodegenerative disordeas @laal. 1999;
McKeon et al. 1999). It appears that GAG deposition is a response of activategligial he

increase in GAGs observed could therefore be an indication of increased gtialtimrfiland
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activation in the glaucomatous retina. The sheer diversity of GAGs results émandrmore
functions and interactions of the ECM being uncovered (Caterson 2042articular, it seems

that GAGs and the immune system are closely associated. CS/DS sidechains notdonly bin
numerous growth facts but also chemokines and L- and P- selectins (Kawathitna002)

which are upregulated in numerous inflammatory diseases including glau¢domnson et al.
2011; Howell et al. 2012 ertain chemokines in particular are bound with higher affinity in
oversulphated GAGs (Kawashima et al. 2002), and the authors suggest that this may be an
attempt at sequestration. Increased GAG sulphation has also been shown to improve the
binding and activity of certain growth factors (Tayler al. 2005) HS and DS have also
demonstrated an ability to bind complement factor H (a regulator of the complersgstem)

and deactivate C3b depositions on the cells surface in the retina @lar2010). The increased
sulphation seen in human eyes could therefore be both a consequence of, and attemp
mitigate, glial activation. Further investigation of the effects of GAG digestiodSase ABC
should therefore focus on the impact on immune recruitment and activation inetliesnaged

areas.
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7.3 Functional consequences of RGCstructure change

The relationship of RGC morphology to the receptive field suggests that even subtle dendritic
loss may impact the function at the single cell level. Welatbat. (1998) showed reduced spatial

and temporal resolution in glaucomatous RGC receptive fields, accompayiedréduced
branching density and dendritic field size. Dendritic atrophy results in the reduced density of
bipolar cell synapses and thus would cause a loss of resolution. The loss oteteadd
accompanying synapses would also affect the ability of the RGC to reach firing ttrashol
fewer inputs would be summated. This would manifest as a reduced spike rate; asasbbgrv
Della Santinat al. (2013). RGC to RGC gap junctions, which facilitate synchronised firing (Dacey
and Brace 1992), are located on the peripheral dendrite tips (Hidakh 2004), and may be

lost as a result of decreased dendritic branching and field size. A reductiossaflthese gap

junctions would impede the RGC in reaching threshold and thus also reduce its spike rate.

The preferential loss of higher order dendrites, as observed in chapter 5, would hedhie®

for the maintenance of visual function. As bipolar cell synapses are distributatyeteng RGC
dendrites (Jakobs et al. 2008) this pattern of dendrite loss would preserve the receptive field in
the same general shape through minimising the disruption of the loss of bipolayoabsesi

random or asymmetric loss would drastically alter the shape of the receptive fieldipating

areas of the underlying uniform bipolar cell mosaic (MacNeil et al. 20@der than reducing

the density of connections. Dendritic loss that allows the closest approximatiaortplete

bipolar cell tiling would allow for the greatest retention of function. Tieeeptive fields
recorded by Della Santina et al. (2013) are suggestive of this as the receptive field size was
maintained despite a reduction in synapses, with only the spike rate of the cell altered. The

distribution of mitochondria within dendrites may result in this pattern of dendritic loss.
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The functional deficits induced by dendritic loss at the level of the receptive filed enanasked
perceptually in the early disease stages. RGC tiling of the retina and the extersilap @f
dendritic fields (DeVries and Baylor 1997) may allow for the maintenanceeoélbvisual
resolution. Visual redundancy is high when viewing natural scenes as opposed to riaditio
stimuli, with one study suggesting it reaches ~10-fold (Puclkealéd. 2005). The summation of
RGC inputs may therefore compensate for the reduced spatial resolution and smooth out the
effects at the perceptual level. In early glaucoma in humans, standard automatedspgrimas
revealed that both spatial (Redmonet al. 2010) and temporal (Mulhollanét al. 2015)

summation are increased in order to preserve detection thresholds.
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7.4 Qonclusons and future direction

This thesis presents data supporting the loss of dendrites as an early feature in experimental
glaucoma. Given the varying morphology of the RGC types, classification of R@Ogasim

in avoiding type-specific bias when quantifying dendrite morphologicalgdandisease. The
successful derivation of a classification method based on proximal dendrite features (which are
spared in early disease), as presented in chaptezo8Id therefore prove a useful tool for
dendrite analyses. Given a larger sample size this method could be expanthetutte RGC
subtypes which could reduce misclassification. A feasible short term goal wouldohekage

the morphological analysis of the primary dendrite features as a software appliciakgatly an
image analysis plugin distributable through a GNU general public license faratipps such

as F1JI. Is would allow an easily accessible classification bias check for researchers. éxitiiough
applicable to researchers using BN rats, this statistical approach could alsplizel ap RGCs

of other commonly used species and strains.

The impact of the RGCs extracellular environment on dendrite loss and recovgaucoma

was investigated in chapters 4 and 5, focusing on the compliment systeifdANINd respectively.
Inhibition of the compliment system was effective in two experimental gpate models in
reducing dendritic atrophy and accompanies a growing body of work suggesting the
complement system (Howell et al. 2011; Howell et al. 2013) and widerune system
contributes to RGC loss (Gramlich et al. 20T&g administration of CSaseABC to digest the
restrictive PNNs surrounding RGCs was also effective in reducing dendritihyatiop
experimental glaucoma. These manipulation require further research to investigate whether
dendritic recovery is accompanied by a functional benefit. Analysis of synapses with PSD95 was
inconclusive and a more sensitive method would be a necessary step. BiolistiogapbERGCs

with a PSD95-XFP plasmid could reveal whether these treatments gave synaptic profection.
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CMV or equivalent driver would be necessary as ganglion cell specifiot@ransuch as Thy.1
are known to be downregulated in glaucoma (Schlamp et al. 2001; Huard 006).
Functional assessment of vision would also be key. Comparison of pattere&tiRd@ings before
and after treatment could give an indication of gross RGC recovery (Ben-Sétah@005)
while single cell receptive field recordings would offer greater insight intarekstionship of

dendrite loss and recovery and the resultant single cell function (Della Santina et gl. 2013

If a visual benefit were detected, Clinh and CSase ABC could become potendpies for
glaucomaHowever, C1 inhibition would likely be an unfavourable optiime Clinh Cinryza®

(as used in chapter 4) is FDA approved for use in hereditary angiogdieBiaFood and Drug
Administration 2008) although only via intravenous administration. Theeefolarge dose is
needed (1000U), which causes frequent adverse reactions (headaches 1:2, nauseas 1:3, rash
1:3) and carries a risk of hypersensitivity reactions and thromboembolic events Ybrk: Lev
Pharmaceuticals Inc. 2009); the latter would not represent a good cost/lieatith given the

elderly demographic of glaucoma patientatravitreal administration would allow a dose 2
magnitudes of order lower (as used in chapter 4) and so would mitihate adverse reactions.
However, as is also the case with CSase ABC injection, that route would fasbbeable for
patients. A Study of patient adherence to anti-VEGF therapy showed that fear of intravitreal
Jvi 8]}ve ] }luulv ~<Ai9e v Z Ev A« o0 EP o0oCo] ¢ }(}vwsz
ascribed benefit to vision (Droegat al. 2013). Without sizable improvement to vision, these
would not represent viable therapies in their current form. However, they do aff@ghts into
mechanisms influencing RGC dendritic loss and are therefore worth further study. Increased
sulphation of GAGs was detected in post-mortem glaucomatous tissue fmoorslin chapter

6. Over-sulphation is known to be inhibitory to neuron regrowth aodCSaseABC injections

could act to digest the sulphated GAG content of the retina in these patianiswould
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represent a viable strategy to prime the retina prior to the use of motausb and tractable
neuro-regenerative therapies of the futureCSase ABC has been used to enhance stem cell
integration into the retina in animal models of disease (Suetiki.2007; Maet al.2011). This
thesis shows that a single CSase ABC injection has no detected adverse effects arergtimeal

and so could be used in either of these ways as part of a viable glaucoma therapy in the future.
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Appendix

Appendix A

Table ARGC morphology measurements

Measurement RGG& RGE RGG RGG

Soma Diameter (m) 22.7+35 156+ 2.3 18.8+ 3.0 18.7+ 2.5

PDL (m) 258+ 136 | 225+148 |222+9.0 |20.1+8.2

PDN 43+1.1 3.2+ 0.8 3.9+038 3.1+0.7

PBPF area (i 1664 + 1081| 758 £ 791 1716 + 1052| 724 + 486

SBPF area (i dn 12352 + 3391 + 3291| 7830 = 5893| 3981 + 2184
8383

COG PBPF (%) 229+12.3 | 56.8+55.3 | 23.4+28.3 | 68.3+43.0

COG SBPF (%) 176x7.1 37.6+357 | 19.4+97 32.2+18.8

PD asymmetry°} 78.8+38.6 | 166.0+ 74.8| 1114+ 62.4| 182.5+ 555

Proximal branching Density 84+54 83+110 |7.3x132 |69+44

PD cross-sectional area (m | 27.6+10.3 | 11.7+59 |184+6.2 |20.0+7.9

PD max Feret diameter ity 7.0+£1.2 47+1.2 58+11 6.0£1.2

PD min Feret diameter (p) 51+£1.0 3.2+1.0 42+0.8 4510

Vector distance from ONH1fp | 3150 + 1241| 3076 £ 1042| 3067 + 946 | 3148 + 803

Values are mean = SD.
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Papers arising from this thesis:

Tribble, J.R., Cross, S.D., Samsel, P.A., Sekgmiel, Morgan, J.E. (2014) A novel system for
the classification of diseased retinal ganglion cells. Visual Neuroscience 31(6), pp. 373-380.

Williams, P.A., Tribble Rl. Pepper, K.W., Cross, S.D., Morgan, B.P., Morgan, J.E., John, S.\W.,
Howell, G.R. (2016) Inhibition of the classical pathway of the complement eagadents
early dendritic and synaptic degeneration in glaucoMalecular Neurodegeneratio®;11:26
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