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Abstract: 
 

Age-related macular degeneration (AMD) is a chronic disease of the central retina, that 

is characterised by the focal degeneration of the retinal pigmented epithelium (RPE) and the 

overlying light-sensitive photoreceptor cells, resulting in progressive and irreversible  

blindness1. For the more prevalent non-executive form of AMD, geographic atrophy, which 

comprises 90% of all cases, there are no available treatments2. In addition, to environmental, 

lifestyle and genetic risk factors3, it is becoming increasingly clear that inflammation is a key 

pathological contributor to the development and progression of AMD4,5, particularly in regards 

to photoreceptor cell death. This thesis will examine the role and regulation of inflammatory 

pathways in photoreceptor degenerations with the aim to elucidate novel therapeutic targets for 

slowing progressive photoreceptor cell death, as seen in AMD. 

 

In this thesis I explore the role of Glutathione S-transferase omega 1-1 (GSTO1-1) a 

thiol transferase protein that acts at the interface between oxidative stress and inflammatory 

pathways, in the healthy and degenerating retina. Results from this published work6 

demonstrate the damaging role that GSTO1-1 has on photoreceptor survivability, with mice 

deficient in GSTO1-1 displaying preserved retinal function and reduced levels of oxidative 

stress and inflammation compared to wild type (WT) controls. This study provides valuable 

insight into the role that GSTO1-1 plays in modulating oxidative stress and inflammation in 

the degenerating retina, and indicates that targeting GSTO1-1 may provide therapeutic benefit 

in retinal degenerations such as AMD. 

This thesis also explores the role of the inflammasome, a central mediator of innate 

immunity in the progression of retinal degenerations. The inflammasome is a multi-complex 

oligomer, which act in the first line of defence1,7,8 sensing ‘danger signals’ such as infection or 
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cellular stress8, and is heavily reported to be involved in AMD pathogenesis9-17. However, 

research to date investigating NLRP3, the most widely characterised inflammasome sensor, 

has been largely cell culture based and focused on the RPE, with the lack of in vivo studies 

preventing the exploration of direct causal links between NLRP3 activation and disease onset 

or development. Further, little has been investigated on the potential contribution of other 

inflammasome components in mediating retinal cell death. This thesis therefore investigates 

the role and therapeutic targeting of multiple inflammasome components in the development 

of AMD, following on from previous studies from this lab that demonstrate the pathogenic 

association between inflammasome-derived pro-inflammatory cytokine IL-1β and 

photoreceptor cell death18. Published results from this work19 demonstrate that while 

therapeutic inhibition of NLRP3 did not confer any retinal protection against photo-oxidative 

damage induced retinal degeneration, Caspase-1 and Gasdermin D were shown to play key 

roles in mediating retinal cell death, potentially via the increased secretion of small-to-medium 

sized extracellular vesicles (s-mEV) including exosomes from immune cell populations. 

 

Finally, concomitant with increased levels of oxidative stress and inflammation, the 

activation and recruitment of microglia/macrophage immune populations in the retina is a 

characteristic pathogenic feature of retinal degenerative diseases including AMD. However, 

how widespread local and systemic immune responses are initiated following retinal insult or 

in disease is unclear. This thesis presents published20  novel findings that retinal-derived s-

mEV may modulate the immune response in retinal degenerations via the selective 

incorporation and cell-to-cell transfer of small gene regulators called miRNA.  

 

Taken together this thesis uncovers novel inflammasome targets for therapeutic 

development, and highlights the potential use of s-mEV as gene therapy agents.   
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1.1. General introduction: 
 

Age-Related Macular Degeneration (AMD) is the leading retinal degenerative disease 

in the Western world, costing the global economy 350 billion dollars annually2 and predicted 

to affect 1.7 million people in Australia alone by 20302. The more prevalent and currently 

untreatable form, ‘dry AMD, or geographic atrophy (GA)’, is characterised by the localized 

death of light-sensing photoreceptor cells and retinal pigmented epithelium (RPE), resulting in 

irreparable vision loss1. While environmental, lifestyle and genetic risk factors are well 

known3, it is clear that the interplay between oxidative stress and inflammation is central to 

disease progression3-5,21,22.  

 

This thesis explores the role of key antioxidant and innate immune pathways that are 

activated in AMD pathogenesis, specifically glutathionylation protein Glutathione-S-

Transferase Omega 1-1 (GSTO1-1), as well as the inflammasome complexes which are key 

contributors of retinal inflammation and cell death16. As developing therapeutic strategies that 

target inflammatory pathways are of major importance in slowing the progression of retinal 

degenerations such as AMD23, this thesis will further investigate novel therapeutic options in 

inflammasome inhibition. Finally, this thesis explores the role of exosomes, small extracellular 

communication vesicles24, in modulating the immune response during retinal degenerations 

and highlights their potential as novel gene therapy agents for the treatment of AMD.  

 

In this chapter I will provide an overview on the general features of the eye and retina, 

as well as briefly discuss the current understanding of AMD pathogenesis specifically focusing 

on the contribution and regulation of inflammatory pathways to the progression of this disease. 

In addition, I will introduce extracellular vesicles (EV) and their potential role as regulators of 

tissue homeostasis and immune modulation in the retina, specifically focusing on exosomes, 
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the smallest EV fraction. Lastly, I will review the literature surrounding known inhibitors of 

inflammasome pathways in retinal degenerative diseases including AMD. 

 

1.2. The eye and retina: 
1.2.1. The Eye: 

The eye (Figure 1.1) comprises an outer protective layer called the sclera, which along 

with the transparent cornea on the external anterior surface, makes up a continuous barrier to 

protect the eye25. Internally, the eye is subdivided into anterior and posterior chambers. Light 

passes from the external environment through the pupil and into the anterior chamber, which 

can be adjusted in size by the iris to allow more or less light to pass through25. Upon entering 

through the anterior chamber, light passes through the aqueous humour and is focused by the 

lens onto the retina, a light sensitive layer that lines the back of the eye25. In the retina, these 

light signals are converted to electrical and chemical signals through a process called 

phototransduction, with the visual information eventually passed through the optic nerve to the 

visual cortex of the brain, allowing us to see25.  
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Figure 1.1: Cross section of the eye.  

Light enters through the pupil into the anterior chamber and is focused by the lens onto the 

retina at the back of the eye. Specifically, high levels of light are captured by the macula region 

of the central superior retina, making it susceptible to chronic oxidative stress. Due to this and 

a number of environmental and genetic factors, in AMD, the macula is prone to progressive 

degeneration which ultimately leads to the characteristic pathology of central vision loss. 
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1.2.2. Retinal structure:  

The retina (Figure 1.2) is comprised of 10 distinct layers and can be subdivided into the 

inner and outer retina25. The inner retina consists of the inner limiting membrane (ILM), nerve 

fiber layer (NF), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer 

(INL) and outer plexiform layer (OPL), while the outer retina is made up of the outer nuclear 

layer (ONL), the outer limiting membrane (OLM) and the inner and outer segments (IS and 

OS) of the photoreceptor cells25. In addition, the retinal pigmented epithelium (RPE) 

underlying the photoreceptors26, along with the Bruch’s membrane; forms the blood-retinal 

barrier (BRB) responsible for providing selective ion transport and immune privilege to the 

eye27. Finally, the choroid vasculature underlying Bruch’s membrane functions to deliver vital 

nutrients and oxygen to the retina, while removing waste26.  

 

In order for visual information to be received by the brain, light energy is converted 

into electrochemical signals in a process called phototransduction, by the light sensitive 

photoreceptor cells in the outer retina. Specifically, photons of light are absorbed by 

photopigments residing in the OS disk membranes28. These photopigments comprise retinal, a 

light absorbing chromophore, which is covalently bound to one of four opsin proteins (in 

humans) each responsible for a different aspect of vision, (rhodopsin in rods; low-light vision, 

or short/medium/long opsins in cones; responsible for colour vision, responding to blue, red 

and green wavelengths of light respectively)29. As a consequence of photon absorption, retinal 

isomerises from an 11-cis to all-trans state. This conformational change induces a signal 

transduction cascade which ultimately leads to the closure of Na2+ channels in the outer 

segment membrane and photoreceptor hyperpolarisation28. As photoreceptors themselves 

cannot re-isomerise retinal, following phototransduction, all-trans retinal is transported to the 

RPE where it is converted back to its 11-cis configuration in part by isomerohydroase RPE6530, 
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and is then recycled back to the photoreceptors to be re-incorporated into the photopigment 

where it can continue to participate in the visual cycle. 

 

From the photoreceptors, transduced signals are subsequently passed through the 

fibrous OPL to the second order neurons in the INL, which comprise horizontal, amacrine and 

bipolar cells. From here visual information is passed through the IPL to third order retinal 

ganglion cell neurons in the GCL, and finally is passed through the NFL out to the optic nerve 

where it is sent to the brain25. In addition to these 10 cellular and fibrous layers, the retina is 

also home to resident macro- and microglia cells. Müller glia are large radial cells that span the 

entire length of the retina, providing structural support and integrity to the retina as well as 

playing roles in the metabolism and function of retinal neurons and photoreceptors 31,32. 

Microglia on the other hand are the resident immune cells of the retina, that under normal 

conditions reside in the inner retina and survey the microenvironment 33-35. The specific role of 

major retinal cell types directly relevant to the work in this thesis (namely the photoreceptors, 

RPE and microglia) will be discussed in further detail below. 
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Figure 1.2: Graphical depiction of the cellular layers of the healthy retina.  

The retina is composed of 10 cellular layers, with the RPE and overlying photoreceptors 

located in the outer retina and the resident immune cells, microglia, in the inner retina. Müller 

glia span the retina providing structural and functional support. 
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1.2.2.1. Photoreceptors: 

Photoreceptors are the light sensing cells of the retina, and are each made up of four 

distinct parts. Photoreceptor OS contain one of 4 different tightly packed membranous discs of 

visual pigment called photo-opsins responsible for absorbing light photons, while the IS 

containing mitochondria, are considered the powerhouse of the photoreceptors36. 

Photoreceptor cell bodies contain the nucleus and make up the ONL, and finally the synaptic 

terminals which aid in neurotransmission between photoreceptors and the second order neurons 

in the INL36. Further, there are two types of photoreceptor cells; rods, which contain the photo-

pigment rhodopsin, and are responsible for scotopic or low light vision, and cones which are 

responsible for colour vision and visual acuity36. In the human retina there is an approximately 

20:1 ratio of rods:cones, however while rods are distributed throughout the peripheral retina, 

the central retina or macula has a higher percentage of cones37,38. It is this macula region that 

is comprised of heavily compacted photoreceptors that is subject to degeneration in AMD, 

resulting in the characteristic symptom of central blindness39.  

1.2.2.2. Retinal pigmented epithelium: 

Underlying the photoreceptor OS is the RPE, a compacted monolayer of cuboidal 

pigmented cells32. The RPE plays several important roles in maintaining retinal homeostasis, 

secreting growth factors and neurotrophic factors for photoreceptor metabolism9,40,41, aiding in 

the selective transport of nutrients, water and metabolic waste between retina and choroid 

vasculature, and absorbing light focused from the lens. In addition, the RPE, along with the 

Bruch’s membrane forms the BRB which provides immune privilege to the retina, preventing 

the infiltration of peripheral immune populations including macrophages41. Furthermore, the 

RPE is responsible for the phagocytic recycling of photoreceptor OS, with the apical microvilli 

of RPE cells closely interspersed with photoreceptor OS26.  As part of this process the RPE 
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aids in the re-isomerisation of retinal, released from digested photoreceptor OS, converting all-

trans to 11-cis retinal, an essential component in phototransduction pathway utilised by 

photoreceptors26,42,43. Taken together, the RPE functions as an essential part of the visual 

pathway, with RPE breakdown heavily implicated in the onset and pathogenesis of AMD 

26,44,45.  

1.2.2.3. Microglia/macrophages in retinal health: 

Microglia are the resident immune cells of the retina, which under normal healthy 

conditions perform constitutive roles in the maintenance of retinal homeostasis. Microglia 

maintain the local retinal microenvironment through the phagocytic clearance of debris and 

foreign particulates46-48, synaptic pruning and the maintenance of synaptic function49, and 

modulation of the immune response, providing constant immune surveillance33,50.  

 

In the healthy retina, microglia reside in the inner and outer plexiform layers of the 

retina in a stratified and uniform distribution, providing comprehensive coverage of the 

retina51.  The dynamic and motile ramified processes52 of these resting/quiescent microglia 

allow them to interact with surrounding retinal cells such as photoreceptors and Müller glia52 

therby influencing synaptic communication49,52. In the absence of external stressors, microglia 

exist in a self-sustaining and long lived, closed population52 with their homeostatic identity 

influenced by signals from the surrounding retinal environment such as the CX3CL1/CX3CR1 

axis52,53  and interleukin-34 (IL-34)54.  

1.2.2.4. The role of microglia/macrophages in disease: 

Under stress, damage or in disease, microglia become activated and adopt a pathogenic 

phenotype, retracting their processes and becoming amoeboid in shape53. Following the release 

of chemoattractant chemokine signalling cues including CCL255,56 secreted from stressed or 
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dying photoreceptors, as well as Müller cells48,57-59, activated microglia migrate to the outer 

retina and subretinal space (SRS) where they are able to participate in an immune attack at the 

site of damage53,33,60. In addition to microglia, under disease conditions blood-borne monocyte-

derived macrophages are recruited in from the peripheral circulation60, entering the retinal 

parenchyma through the compromised BRB34,45, to aid in the immune response. 

  

The increased presence and sustained activation of microglia/macrophages in the retina 

is a hallmark feature of retinal degenerative diseases and results in increased phagocytosis61-63, 

the activation of inflammatory pathways including the inflammasome14,15,19,64-66, and the 

production and secretion of pro-inflammatory cytokines18,67, chemokines56,59,68 and 

complement deposition69-74. The combined actions of these inflammatory processes is 

detrimental to retinal cell death75, resulting in inflammatory photoreceptor cell death76-78, and 

the loss of vision as seen in AMD34,50,59 (Figure 1.3).  
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Figure 1.3: Graphical depiction of molecular mechanisms that contribute to retinal 
degeneration. 

Atrophic and late stage geographic atrophy AMD is proposed to occur following the 

accumulation of oxidative stress by-products in the RPE which overloads antioxidant defences 

leading to oxidative damage and cell death. The consequent breakdown of the blood retinal 

barrier (BRB) due to RPE loss allows for the infiltration of peripheral macrophage immune 

cells into the retina. Together with resident retinal microglia, these cells become activated and 

migrate to the site of damage following chemokine attractant cues secreted by Müller glia. 

Microglia/macrophages subsequently produce and secrete pro-inflammatory cytokines and 

deposit complement, ultimately resulting in photoreceptor cell death. Conversely, in wet-

AMD, neovascularisation of choroidal blood vessels into the retina occurs in response to 

increased levels of VEGF, and is accompanied by fluid build-up, oedema and immune cell 

infiltration into the retina. In both forms of AMD inflammatory and cell death cascades 

consequently propagate through the retina, leading to progressive vision loss.   
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1.3. Age-related macular degeneration: 
AMD is a chronic inflammatory disease of the retina that is characterised by the 

progressive degeneration of the macula, specifically affecting the light sensitive photoreceptors 

and underlying RPE1. The macula is a specialised area of the central retina that is responsible 

for visual acuity, largely due to the increased concentration of photoreceptors in this region1,38. 

AMD is the leading cause of blindness in the Western World, currently affecting 1 in 7 people 

over 65, and costing the global economy 350 billion dollars annually1,2,79,80. With an aging 

population, these statistics are set to increase with predictions estimating 288 million people 

will be affected some form of the disease by 204081, 1.7 million of which will be in Australia 

alone2,81. 

 

Early-stage AMD is characterized by the presence of drusen, yellow lipid-filled 

deposits, which reside between the RPE and Bruch’s membrane in the macula region of the 

retina2,82-84,85. Over time an accumulation, in particular of soft, large drusen >125µM86, hinders 

the transport of metabolites and nutrients to the retina, with a build-up of large subretinal drusen 

deposits causing the RPE to degenerate87,88. Breakdown of the RPE cause a loss of integrity in 

the BRB, and impaired support to the overlying photoreceptors, subsequently progressing 

disease39,44. 

 

There are two forms of late-stage AMD, 1) wet, executive or neovascular AMD 

(nAMD), and 2) dry-AMD, or non-executive/geographic atrophy (GA)39,89. Neovascular AMD 

makes up around 10% of all cases of AMD, and is clinically diagnosed by the presence of 

infiltrating choroidal blood vessels into the retina in response to excessive levels of vascular 

endothelial growth factor (VEGF) secreted from the RPE86. The leakage of fluid and blood 

from these newly formed vessels causes oedema, dense macular scars, infiltration of immune 

cells from the periphery, inflammation, and sudden vision loss 12,86.  While anti-VEGF 
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treatments have proven successful in slowing the progression of vision loss in wet-AMD, they 

are delivered by expensive, frequent and highly invasive intravitreal injections90-92. 

 

GA AMD on the other hand is characterized by an expanding region of atrophy in the 

central macula region, affecting both RPE and photoreceptors, as well as the underlying 

choriocapillaris93. Due to the dependence on the RPE for metabolic support, the death of the 

overlying photoreceptors is thought to occur secondary to RPE degeneration39. GA AMD 

makes up 90% of all cases of AMD12 and presents with night blindness, visual scotomas, and 

eventual and progressive central vision loss94. Unlike neovascular-AMD however, currently 

there are no available treatments for this form of the disease. Elucidating the specific molecular 

mechanisms that contribute to GA-AMD disease pathogenesis will therefore allow for the 

development of targeted therapeutic strategies, and will be the focus of this thesis. 

1.3.1. Pathogenesis of AMD 

AMD has a multifaceted and complex etiology, with many risk factors for the 

development of AMD having been identified. While increasing age remains the highest risk 

factor for the development of this disease39, genetic variants greatly increase an individual’s 

susceptibility. In particular, the Y402H polymorphism of complement component factor H 

(CFH), a regulator of the alternative complement pathway95, along with susceptibility genes 

age-related maculopathy susceptibility 2 (ARMS2) and high-temperature requirement A serine 

peptidase 1 (HTRA1), account for over 50% of all genetic cases of GA-AMD96. In total 52 

independent common and rare genetic mutations have now been discovered associated with an 

increased susceptibility to developing AMD97. In addition to genetic causes, susceptibility to 

developing AMD is augmented by lifestyle and environmental stressors such as cigarette 

smoking98,99, poor diet39, and obesity100 as well as high levels of photo-oxidative damage from 

excessive sun exposure101,102. The common output feature of these risk factors however is the 
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production of high levels of reactive oxygen species (ROS) by-products and oxidative stress103, 

the accumulation of which leads to the activation of inflammatory cascades in the retina and 

progressive cell death1.  

1.3.1.1. Oxidative Stress 

 
The accumulation of oxidative stress is heavily associated in the development of 

AMD1,104-109, and results from an imbalance between the generation and elimination of ROS, 

such as free radicals, superoxide anion, singlet oxygen, and hydrogen peroxide105. The retina 

is highly metabolically active, consuming one of the highest levels of oxygen in the body10,110. 

As a result of high exposure to sunlight, the retina is increasingly susceptible to the build-up 

of free radicals and oxidative stress, in particular from lipid peroxidation of photosensitive 

molecules such as rhodopsin and lipofuscin, and polyunsaturated fatty acids in photoreceptor 

OS10,102,104,111. The presence of lipid and debris-filled drusen deposits constitutes another major 

source of oxidative stress, accumulating degenerative by-products in the RPE and preventing 

the transport of vital nutrients across the retina44,85. In addition, lipofuscin accumulation in the 

RPE as a by-product of photoreceptor OS recycling results in increased levels of oxidative 

stress and RPE degeneration85. Further, exacerbating oxidative stress levels, the build-up of 

lipofuscin additionally impairs the clearance of aged or dysfunctional mitochondria by 

lysosomal autophagy, leading to the sustained production of mitochondrial ROS10,112. 

 

Under normal conditions retinal anti-oxidant defence systems such as glutathione 

(GSH)105, considered to be one of the most important ROS scavengers113, glutathione-

peroxidase (Gpx) and transferases (Gst) 114, as well as vitamin E and C114, nuclear factor, 

erythroid derived 2, like 2 (Nrf2)115, and downstream genes glutamate cysteine ligase, heme 

oxygenase-1 (Hmox-1) and NAD(P)H dehydrogenase, quinone 1 (Nqo1)116, are able to combat 
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the production of ROS. However, as a consequence of age, an accumulation of ROS can 

overburden the antioxidant capabilities of the cell leading to oxidative damage117. Further, 

individuals with compromised regulation of antioxidant pathways can be highly susceptible to 

developing retinal degenerations such as AMD. For example, individuals who carry the CFH 

Y402H polymorphism have reduced capacity to deactivate complement activation on proteins 

adducted with malondialdehyde, a by-product of lipid peroxidation118,111,119, leading to 

increased oxidative damage and disease susceptibility. The overburdening presence of high 

levels of oxidative stress and associated damage consequently initiates pro-inflammatory 

cascades in the retina, which ultimately results in cell death.  

1.3.1.2. Inflammation 

The role of the immune system is to maintain tissue homeostasis by providing detection 

and defence against invading pathogens, cell stress, and damage, as well as the removal of 

dead/dying cells5. The innate immune system in particular is activated rapidly to provide fast 

host defence120. However, in aging, persistent low levels of inflammation (para-inflammation) 

exists as a physiological condition, and can be characterised by the breakdown of the BRB, 

choroidal thickening, presence of activated microglia, and increased levels of pro-

inflammatory cytokines and immune pathways in the retina and subretinal tissues5,120,121. 

Oxidative stress is the primary activator of para-inflammation120. Over time sustained para-

inflammation caused by persistent tissue malfunction can result in chronic inflammation5,120, 

which is further exacerbated by lifestyle choices and predisposing conditions, such as 

compromised immune function5.  

 

Inflammation is a key contributing pathogenic feature of retinal degenerative diseases, 

including AMD3,5,12. Inflammation cascades are triggered by the activation of membrane 

receptors such as Toll-like receptors (TLR) and NOD-like receptors (NLR) on resident immune 
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populations12. TLR and NLR sensor receptors can be activated by the presence of both 

pathogen- and damage-associated molecular patterns (PAMPs and DAMPs) including 

ROS/oxidative stress by-products122,123, of which many are found in drusen deposits124,125-127,  

and associated with the pathogenesis of AMD. 

 

 The activation of retinal microglia through these pathways results in increased 

phagocytosis of retinal neurons34,61, the secretion of chemokine signalling factors to recruit 

macrophage populations from the periphery3,13, and the activation of innate immune pathways 

including complement12,69,73,128. Complement is an inflammatory cascade composed of over 40 

proteins which comprises the classical, alternative and lectin pathways129. Complement 

functions to sense and eliminate foreign particulates and through a series of cleavage steps, 

targets cells for death12. As mentioned earlier, polymorphisms in CFH, as well as increased 

levels of complement component 3 (C3) are some of the strongest risk factors associated with 

AMD development96,130. 

 

In addition to complement deposition, the activation of microglia/macrophage immune 

cells initiates the formation and activation of the inflammasome12. The inflammasome has been 

strongly linked to the pathogenesis of AMD and photoreceptor cell death14,18, and is a major 

theme of this thesis. The inflammasome will be discussed in detail below, including general 

information on inflammasome composition and activation, with a specific focus on NLRP3, 

the most well studied inflammasome, as well as evidence supporting a crucial role for the 

inflammasome in the pathogenesis of retinal degenerations.  
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1.4. Inflammasome 
The inflammasome is a multi-protein complex of the innate immune system1,7,8, that 

acts as the first line of defence following activation by cellular stress or infection1,8. The 

inflammasome comprises a pattern recognition receptor (PRR) sensor protein, which following 

activation, complexes with adaptor protein Apoptosis-associated speck-like protein containing 

a CARD (ASC, or PYCARD) and protease enzyme Caspase-1 (CASP-1)131,132. Caspase-1 

subsequently cleaves and activates the pro-inflammatory cytokines interleukins IL-1β and IL-

18 into their mature forms8,133 and initiates the formation of pyroptotic Gasdermin D (GSDMD) 

pores on the cell membrane134-137. Τhe assembly of these pyroptotic pores disrupts the osmotic 

potential of the cell, and results in membrane blebbing, cell swelling, and ultimately pyroptotic, 

or inflammatory cell death134-137,76,138. As a consequence of pyroptosis and cytokine signalling 

pathways, cytoplasmic contents including active-IL-1β and -IL-18 are released into the 

extracellular space135,139,140, where they function to further recruit microglia/macrophage 

immune cell populations to the site of damage18. There exist several inflammasome complexes, 

including NACHT, LRR and PYD domains-containing protein 1 (NLRP1), NLRP3, Neuronal 

apoptosis inhibitory protein/NLR Family CARD Domain Containing 4 (NAIP/NLRC4), 

Absent in Melanoma 2 (AIM2), and Pyrin131,132. NLRP3 however is the most widely studied 

and best characterized inflammasome receptor, including in retinal degenerations11,15-

17,65,124,141.  

1.4.1. Priming and activation of NLRP3 

The formation of NLRP3 inflammasome complex requires both a priming, and an 

activating signal142. Priming occurs following the stimulation of membrane receptors such as 

TLRs or NLRs with PAMP or DAMP ligands8,143. In response, this activates downstream 

signaling through nuclear factor kappa B (NF-κB) and causes increased transcription of 

inflammasome components NLRP3 and pro-IL-1β in the nucleus8,143. Under normal 



 19 

conditions, while ASC, Caspase-1 and pro-IL-18 are constitutively expressed, NLRP3 and pro-

IL-1β are expressed in low quantities, insufficient to initiate an immune response142. Following 

priming, NLRP3 can be activated by a wide range of stimuli, including potassium (K+) efflux, 

calcium (Ca2+) signalling, ATP, pathogens or toxins, ROS, particulate matter and lysosomal 

damage142,144. Activation signalling induces the assembly of the inflammasome, starting with 

the oligomerisation of NLRP3 through NACHT domain interactions145, following which, pyrin 

domain (PYD-PYD) associations allow the binding of ASC to NLRP3 oligomers146. ASC 

subsequently interacts with pro-Caspase-1 through the presence of caspase recruitment 

domains (CARD) on both components145. The recruitment of Caspase-1 subsequently causes 

its autoproteolytic cleavage and activation145,146, and results in the Caspase-1 dependent 

cleavage and activation of pro-inflammatory cytokines and Gasdermin D pyroptotic pores134-

137 (Figure 1.4). In the case of AMD, large amounts of inflammasome-activated IL-1β is known 

to cause immune cell activation and recruitment in the retina as well as photoreceptor cell 

death3,8,12,18,60,147,148, while IL-18 has been implicated in neovascularisation, for example in the 

pathogenesis of wet-AMD18,67,149. 
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Figure 1.4: NLRP3 inflammasome assembly and activation 

Priming signals such as PAMPs and DAMPs mediate the transcription of Nlrp3 and pro-Il-1β 

via NF-κB in the nucleus, while Il-18, Asc and Casp-1 are constitutively expressed in the 

cytoplasm. Following activation, Nlrp3 and pro-Il-1β gene transcripts are exported from the 

nucleus and NLRP3 oligomerises and binds to ASC and CASP-1. Once bound, CASP-1 

undergoes autoproteolytic cleavage and becomes activated resulting in the cleavage and 

activation of pro-inflammatory cytokines IL-1β and IL-18. In addition, active CASP-1 

mediates the assembly of Gasdermin D pyroptotic pores on the cell membrane, the formation 

of which causes cell lysis and the release of pro-inflammatory cytokines into the extracellular 

space. 
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1.4.2. NLRP3 inflammasome in AMD 

NLRP3, the most widely investigated inflammasome complex, is strongly implicated 

in the development of AMD11,15-17,65,124,141. NLRP3 has been shown to be activated by a large 

array of stimuli involved in AMD pathogenesis, including ROS143,144, complement 

components16,124,150, Alu RNA16,17,151 and drusen- or lipofuscin-isolated debris such as amyloid-

β (aβ)125-127. Furthermore, in cell culture models, NLRP3 expression has been found to be 

upregulated in response to induced retinal damage124-127,151-156. Importantly, NLRP3 is evident 

in tissue from human patients with AMD comparative to controls17. For these reasons NLRP3 

is extensively researched in retinal degenerations, however it is unclear whether NLRP3 

activation is a cause or consequence of disease pathogenesis, in part due to conflicting 

reports17,151,124, a lack of in vivo work, and unreliable reagents157. Elucidating the role of NLRP3 

in GA AMD pathogenesis using an in vivo model of retinal degenerations will therefore form 

a key aspect of this thesis. 

 
In addition, the role of cysteine protease Caspase-1, the effector protein for multiple 

inflammasome complexes, including NLRP1, NLRC4, AIM2, and Pyrin158,159, is considered a 

major pathological target in AMD67,160,18,67,149. As in addition to the activation of IL-1β and IL-

18, Caspase-1 mediates the assembly of Gasdermin D pores on the cell membrane135. Inhibition 

of this downstream effector protein therefore also represents an ideal therapeutic target for 

slowing the progression of retinal degenerations, and will also be investigated in this thesis.  
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1.4.3. Known inflammasome inhibitors. 

Given the strong association of the inflammasome with the pathogenesis of AMD, 

many therapeutics have been targeted at inhibiting its activity. Comprehensive reviews on 

inhibitors of the inflammasome161, and specific components NLRP3162,163, and Caspase-

1164,165, and IL-1β166, demonstrate the expansive range of therapeutic options for targeting the 

inflammasome in retinal degenerative diseases such as AMD. Table 1.1 provides an overview 

of the major pharmaceutical options currently being tested in retinal degenerative diseases*, as 

well as others that have yet to be tested in the retina, but have shown some therapeutic potential 

in other neurodegenerative conditions. 
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Table 1.1: Pharmacological inhibitors of inflammasome components. 

Target Compounds Mechanism of Action 
 
 
 
 
 
 
 
NLRP3 

MCC950 (CRID3)*# 
 

A diarylsulfonylurea containing compound, that inhibits NLRP3 
formation directly by binding to the Walker B motif on the NACHT 
domain of NLRP3, blocking the hydrolysis of ATP167,168.  

Glyburide* 
 

A sulfonylurea compound that inhibits NLRP3 indirectly by inhibiting 
ATP-sensitive K+ channels169. 

CY-09* 
 

Directly inhibits NLRP3 by interacting with the Walker A motif on the 
NACHT domain of NLRP3, preventing ATP binding to NLRP3170. 

MNS 
 

Suppresses ATPase activity of NLRP3 by directly targeting cysteine 
residues on LRR and NACHT domains of NLRP3171. 

OLT1177 
 

A β-sulfonyl nitrile compound that blocks ATPase activity of NLRP3 
by direct binding172. 

β -hydroxybutyrate* 
 

A Ketone metabolite that inhibits K+ efflux indirectly blocks NLRP3 
formation by preventing the oligomerisation of ASC173. 

Tranilast* Binds to, and inhibits the NACHT domain of NLRP3, therefore directly 
blocking the interaction between NLRP3 and ASC170. 

 
 
 
 
 
Caspase-1 

Ac-YVAD-cmk*# 
 

A specific irreversible Caspase-1 antagonist, based on the target 
sequence (YVHD) in pro-IL-1β 174, 175. 

Ac-YVAD-cho* 
 

A specific reversible antagonist of Caspase-1, based on the target 
sequence (YVHD) in pro-IL-1β176.  

Ac-FLTD-cmk 
 

A specific antagonist for inflammatory Caspase- 1 and -11, based on the 
target sequence of cleavage peptide (FLTD) on of Gasdermin D177.  

Belnacasan (vx-765) Orally available pro-drugs which require metabolism by plasma 
esterases to their active forms. Inhibits Caspase-1 by the reversible 
covalent modification of the catalytic cysteine residues in the active site 
of Caspase-1178,179. 

Pralnacasan (vx-740) 

 
 
 
IL-1β 

Canakinumab* 
(Ilaris) 
 

Human, anti-IL-1β neutralising monoclonal IgG1/κ isotype antibody. 
Competes for binding to IL-1R1 with IL-1β180,181. 

Rilonacept  
 

A soluble IL-1 receptor decoy, that binds IL-1β with greater affinity 
than IL-1α and IL-1Ra. Rilonacept is a long lasting dimeric fusion 
protein comprising the extracellular portion of IL-1R1 and Il-1RaP 
attached to the Fc portion of human IgG1182.  

Gevokizumab* 
 

A recombinant human anti-IL-1β neutralising IgG2 monoclonal 
antibody. Modulates IL-1β bioactivity by reducing the affinity of IL-1 
β with IL-1R1 and IL-1RacP180. 

IL-18 GSK-1070806* 
 

A human anti-IL-18 IgG1 antibody that binds to and neutralises IL-
18183. 

 
 
 
 
GSDMD 

Disulfiram* 
 

Inhibits Gasdermin D via the covalent modification of conserved 
cysteine residue (191 in humans and 192 in mouse) thus inhibiting the 
oligomerisation of N-terminal p30-Gasdermin D dimers, essential in 
pore formation184.  

Necrosulfonamide 
 

Inhibits Gasdermin D by binding to conserved Cysteine residue 191, 
thus inhibiting the oligomerisation of N-terminal p30-Gasdermin D 
dimers, essential in pore formation185.  

LDC7559 Inhibits Gasdermin D pore formation by blocks the activity of the pore 
forming Gasdermin D N-terminus186,187. 

IL-1R1 Anakinra (Kineret)* A recombinant non-glycosylated homolog, that acts as a receptor 
antagonist for IL-1R1, inhibiting the activity of IL-1β and IL-1α188. 

 
 
 
Combo 

Parthenolide 
 

A herbal inhibitor of NF-kB which inhibits NLRP3 and Caspase-1 by 
alkylating cysteine residues. In addition, Parthenolide can also inhibit 
the ATPase activity of NLRP3 through cysteine modifications189.  

BAY11-7082* 
 

A phenyl vinyl sulfone synthetic inhibitor of IκΒ kinase-β that acts in 
cysteine residue alkylation, inhibiting the ATPase activity of NLRP3, 
as well as preventing the oligomerisation of ASC189. 

* Tested in models of retinal degenerations. # Investigated in this thesis. 
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While these pharmacological agents have demonstrated some therapeutic efficacy in 

reducing inflammasome activation in in vitro and in vivo models of retinal degenerations; given 

the multifaceted nature of retinal degenerative diseases such as AMD, it is likely that a single-

target drug will only partially repress the immune response. Therefore, investigating the use of 

multi-target therapies may confer more retinal protection and slow the progression of retinal 

degenerations. MicroRNAs (miRNA), as multi-target gene repressors, have recently been the 

focus of therapeutic strategies, including for AMD190. 

 

1.5. miRNA biogenesis and function 
MiRNA are short endogenous non-coding RNA molecules, that are between 16-22 

nucleotides in length and inhibit the expression of target genes through post-transcriptional 

gene repression191. MiRNA are produced through a series of enzymatic maturation steps, and 

are first transcribed in the nucleus by RNA polymerase II as a capped and polyadenylated 

primary, or pri-miRNA transcript192. Pri-miRNA are subsequently cleaved into a precursor 

molecules (pre-miRNA), by a heterotrimeric nuclear protein complex, of which RNAse III 

enzyme Drosha is the effector protein191,192. Pre-miRNA, ~60nt in length, are exported to the 

cytoplasm through exporter protein Exportin-5, where they are processed and cleaved into their 

mature form by RNAse III-type enzyme Dicer191.  

 

To exert their biological effects, a single strand (guide strand) of the double stranded 

mature miRNA is loaded into an RNA-induced silencing complex (RISC) along with an 

argonaute (AGO) protein family member and auxiliary proteins192. This regulatory complex is 

directed by the guide strand miRNA to the complementary sequence on the 3’ untranslated 

region (3’ UTR) end of its target gene191,192. This complementary or ‘seed’ sequence is between 

6-8 nucleotides in length, and is usually conserved across species191,192. Bound gene targets are 

subsequently silenced or deadenylated thus causing translational repression, or 
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degradation191,192 (Figure 1.5). As the short miRNA seed sequence and gene binding region are 

not required to match with perfect complementarity192, individual miRNA are able to bind to 

and repress hundreds of different genes192, and often do so within the same biological 

pathway192. Importantly, aberrations in miRNA processing, or secretion, are linked to the 

development of various diseases, and have been reported to be associated with the pathogenesis 

of neurodegenerations including AMD193-200. The regulatory power of miRNA therefore makes 

them ideal therapeutic and diagnostic molecules201, in particular to combat dysregulated 

immune responses, such as those occurring in retinal degenerations202,203.  
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Figure 1.5: Schematic representation of miRNA biogenesis and function. 

miRNA are produced as nuclear transcripts of primary or pri-miRNA. Following cleavage by 

DROSHA, precursor or pre-miRNA transcripts are exported to the cytoplasm where they are 

cleaved into their active forms by DICER. Active miRNA, along with an argonaute (AGO) 

protein family member and accessory proteins, form an RNA-induced silencing complex 

(RISC), allowing the miRNA to bind to and repress its target gene.  
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1.5.1. miRNA as gene therapy for retinal degenerations. 

The delivery and sustained action of miRNA in the retina poses several challenges, 

given the high degradation rates when un-encapsulated, but low penetrance across the BRB, as 

well as increased susceptibility to immune rejection when transfected into foreign delivery 

agents204,205. Therefore, investigating the use of nanosized, lowly-immunogenic and sustained-

release vehicles for the therapeutic delivery of miRNA into the retina is essential.  

 

MiRNA have been shown to be enriched in extracellular vesicles (EV) including 

exosomes206,207, small endogenous cell-to-cell delivery vehicles that modulate tissue 

homeostasis208,209. Exosomes selectively incorporate nucleic acids from their host including 

protein, DNA, RNA and non-coding RNA such as miRNA (reviewed in210,211), and deliver 

them to target cells where they can have a biological effect. MiRNA in particular have been 

reported to be encapsulated in higher concentrations in exosomes compared to their host cells, 

suggesting they are selectively incorporated to serve a biological need206,207. In fact, the 

presence of an exosome-loading sequence on exosomal miRNA (exoMiR) has recently been 

identified212, with several proteins such as heterogeneous nuclear ribonucleoprotein A2B1 

(hnRNPA2B1) and KRAS found to selectively bind to, and load miRNA, into exosomes 

through this motif213,212.  

 

Exosomes are able to easily penetrate the BRB that confers immune privilege to the 

retina214, increasing their efficiency compared to pharmacological agents, and in addition, can 

be genetically manipulated for use as personalised therapies205. As miRNA have the ability to 

target and repress multiple genes within and across different biological pathways203, the 

exosomal transfer of miRNA represents an exciting therapeutic niche providing an 

immunosuppressive and neuroprotective multi-targeted gene therapy205,215,216. A detailed 
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investigation of exosomes and exosomal miRNA cargo in the retina however is essential in 

order to understand the regulatory actions of these delivery vehicles, including both the role 

they play in retinal health and degeneration, as well as their endogenous biological targets. 

Exploring the role of exosomes, and exosomal miRNA, in the normal and degenerating retina 

will form the final chapter of this thesis. 

 
1.6. Exosomes 

Exosomes represent the one of the smallest fractions of extracellular vesicles (EV)217, 

a heterogeneous group of small membrane-enclosed delivery vehicles which are released by 

nearly all cell types218,219, and function in cell-to-cell communication24,220,221. EVs can be 

transported in biological fluids such as blood, urine, saliva, cerebrospinal fluid222, and ocular 

humours223, to reach their target cell; thereby modulating both the endocrine and paracrine 

environments24,220,221, to regulate tissue homeostasis208,209. EVs comprise apoptotic bodies or 

oncosomes which range in size from 1-5µM in diameter and are secreted during apoptosis224, 

microvesicles (150 to 1000nm), and exosomes (40-200nm)217.  In addition to size, each EV 

fraction can be differentiated based on membrane composition, and contents224-227. Unlike 

apoptotic bodies and microvesicles which originate, and are secreted as direct membrane 

blebs224, exosomes are produced within the cytoplasm via the endocytic pathway224,217, (Figure 

1.6). 
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Figure 1.6: Schematic representation of exosome biogenesis and secretion pathway 

Exosomes are formed as intraluminal vesicles (ILV) via the invagination of the endosomal 

membrane in an ESCRT-dependent or independent (nSMase2) manner. The ILV-containing 

late endosome, now referred to as a multivesicular body (MVB) can either be degraded via the 

lysosome, or transported to the plasma membrane via Rab GTPases for exosome release. In 

comparison, microvesicles are produced via the direct budding of the plasma membrane. 
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1.6.1. Exosome biogenesis and secretion 

Exosomes are produced with the invagination of the endosomal membrane which forms 

small membrane-enclosed intraluminal vesicles (exosomes)210,213,219. Following biogenesis, 

this late endosome, now referred to as a multivesicular body (MVB), fuses with the host cell 

plasma membrane and releases the internalised exosomes into the extracellular 

environment210,213,219. Exosome biogenesis can occur in either an endosomal sorting complex 

required for transport (ESCRT)-dependent or ESCRT-independent manner228,229. 

 

The ESCRT-dependent pathway involves the assembly of four ESCRT complexes 

ESCRT-0, i, ii and iii, which in total are comprised of over 20 proteins as well as associated 

factors, including ESCRT accessory protein PDCD6IP/ALIX, and the AAA ATPase Vsp4 

sorting protein complex230,231. In this biogenesis pathway ubiquitylated proteins are recognized 

and sequestered into specific domains of the endosomal membrane by binding to ESCRT-0230, 

following which, ESCRT complexes i, ii, and iii direct the formation and scission of buds and 

their enclosed cargo into the MVB230,231. Finally, the Vsp4 sorting complex provides energy to 

allow ESCRT complexes to separate from the formed vesicle218. Conversely, the ESCRT-

independent exosome biogenesis pathway involves the conversion of sphingomyelin to 

ceramide, by neutral sphingomyelinase 2 (nSmase2)232, with ceramide production essential for 

the inward budding of endosomal membranes233. Importantly it is through this ESCRT-

independent pathway that miRNA are believed to be selectively incorporated into 

exosomes213,212, although this is not fully understood or as yet studied in the retina. 

 

Following formation, exosomes are released into the extracellular space under the 

control of Rab GTPase proteins, notably Rab7, Rab11165 and Rab27a and b234. Together these 

proteins regulate the trafficking of MVB along actin and tubulin microtubule pathways, as well 
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as the docking and fission with the plasma membrane allowing exosome release213,234. EV 

secretion is proposed to occur via Ca2+ influxes224,231,235, which can be induced by external 

calcium ionophores including ATP224, serine proteases236, inflammatory cytokines236, 

thrombin224 and growth factors236. In addition, it has also recently been suggested that Ca2+ 

dependent-EV secretion including exosomes occurs as a consequence of Gasdermin D pore 

formation on the plasma membrane138.  In fact, increased secretion of exosomes is widely 

reported to occur during disease, in particular in response to inflammation138,237,238. 

1.6.2. Exosomes in inflammation 

In normal conditions exosomes are proposed to maintain tissue homeostasis and 

modulate the immune response239,209,240-242. However, during immune responses, exosomes 

have been reported to be secreted in increased concentrations containing differentially 

packaged protein, RNA and miRNA (reviewed in138,237,238). In this way the transfer of 

exosomal contents can functionally alter the environment of recipient target cells, which in 

disease, can dampen inflammatory cascades, or if toxic proteins and dysregulated miRNA are 

selectively encapsulated, can aid in the propagation of inflammation242,243. Investigations into 

the role that exosomes and their contents play in the retina during health and degeneration 

however has been relatively unexplored. 

 

1.7. Models of retinal degeneration. 
 

In order to investigate the role of inflammatory pathways and signalling mechanisms 

in the degenerating retina, access to animals models that accurately recapitulate the major 

pathological changes of human disease is essential (reviewed in 111). The use of rodent models 

offers the advantages of being reproducible on a fast time-scale, is cost-effective and can be 

experimentally manipulated111. However, rodent retinas do not identically resemble that of 

humans, lacking a macula and avascular region as well as having a low concentration of cone 
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photoreceptors (~3%)244,245. Despite these shortcomings, rodent models of retinal 

degenerations are widely employed and accurately replicate important facets of disease 

pathogenesis, owing to the fact that their genome shares 90% homology of functional genes 

with humans246, and they have an area morphologically similar to the macula, that resides 1-

2mm from the optic nerve head and has a high compaction of photoreceptors245,244. Further, 

rodent retinas in degeneration closely mimic histological and molecular features of disease 

pathology, including upregulated levels of oxidative stress and inflammatory components, 

degeneration of RPE and photoreceptor layers, and immune cell dysregulation247-251. In this 

way the use of rodent models of retinal degenerations can provide useful and translational 

insight into the pathogenic mechanisms of disease pathogenesis111. Table 1.2 provides a 

comprehensive list of commonly used rodent model of retinal degenerations.  
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Table 1.2: Rodent models of AMD. 

Model Type Name Mechanism Pathological features 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genetic 

Cfh-/- CFH regulates the activity of the 
alternate complement pathway, 
inhibiting the formation of the C3 
convertase. Deficits in CFH 
therefore result in high levels of C3 
and complement over-
activation252,253.  

Aged Cfh-/- mice present with 
decreased visual function, 
increased complement deposition, 
disorganisation of photoreceptor 
OS and thinning of the Bruch’s 
membrane252,253.  

C3+ 

 

 

C3 is the common effector protein of 
the complement cascade patways, 
functioning to cleave downstream 
complement component resulting in 
the activation of MAC complex and 
targeted cell death. The increased 
presence of C3 is associated with the 
development of AMD69.  

C3 overexpressing mice displayed 
high levels of endothelial and RPE 
cell proliferation and migration 
into the retina, RPE disruption, 
complement deposition and 
photoreceptor OS atrophy. In 
addition, while uncharacteristic of 
AMD, C3 mice demonstrated 
retinal detachment111,254. 

Cx3cr1-/- CX3CR1 is the receptor for 
CX3CL1 (fractalkine), together 
forming a chemokine signalling 
pathway that aids in the recruitment 
and function of 
microglia/macrophages in the retina. 
Deficiencies in CX3CR1 result in 
dysregulated immune cell migration 
and activity46.  

Subretinal accumulation of 
microglia, drusen-like lipid-filled 
deposits and retinal thinning by 18 
months53,255. 

Ccl2-/- Ccr2-/- The CCL2/CCR2 cytokine 
signalling axis induces the 
recruitment of 
microglia/macrophages56,68.  

Conflicting pathologies have been 
reported, with some claiming that 
by 9 months, mice deficient in 
CCL2/CCR2 demonstrated 
subretinal drusen-like deposits, 
lipofuscin accumulation , impaired 
phagocytic properties of immune 
cells, and thickening of the Bruchs 
membrane, while others reported 
that there were no observable 
differences in membrane 
thickness, retinal function of cell 
death in these mice compared to 
controls, and drusen deposits were 
instead swollen macrophages39,256. 

Transgenic 
CFH Y402H 

The Y402H polymorphism of CFH 
is the highest known genetic risk 
factor for the development of AMD, 
increasing the risk by 5-7 times. This 
polymorphism results in the 
inability of CFH to bind to, and de-
activate complement activation on 
proteins adducted with 
malondialdehyde, a by-product of 
lipid peroxidation that is known to 
accumulate in AMD111,119. 

Transgenic CFH Y402H mice 
display increased levels of 
microglia/macrophage immune 
cells, drusen-like deposits, 
thickening of the Bruch’s 
membrane and increased 
complement deposition111.  

Sod1-/-, Sod2-/- 
and Sod2 
knockdown 

Superoxide dismutase (SOD) is an 
anti-oxidant enzyme thought to play 
a role in normal retinal health, with 
reductions in SOD associated with 
an increased risk of developing 
AMD257,258.  

SOD deficient mice present with 
varying pathologies. Sod1-/- mice 
demonstrate high levels of 
oxidative stress accumulating 
drusen-like deposits and 
thickening of the Bruchs 
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membrane. Aged Sod1-/- mice 
further showed reduced retinal 
function and increased cell 
death257,258. Sod2-/- died shortly 
after birth, however presented with 
inner retinal thinning and 
mitochondrial dysfunction259. 
Sod2 knockdown mice 
demonstrated high levels of 
oxidative stress by-products 
accompanied by oxidative 
damage, thickening of the Bruchs 
membrane and photoreceptor and 
RPE cell death260. 

ApoE-/- 
and 
ApoEe2/e4 
transgenic 
mice 
 
 

Apolipoprotein E (ApoE) is 
involved in the metabolism and 
homeostasis of plama membrane 
lipids. Mice deficient in ApoE 
develop high levels of circulating 
cholesterol, making these mice 
useful models of diet-dependent 
retinal degenerations261.  

ApoE deficient and transgenic 
mice demonstrate thickening of 
the Bruchs membrane, pigmentary 
changes to the RPE including 
vacuolisation, and photoreceptor 
and RPE cell death. Further, some 
mice displayed regions of CNV. 
Following supplementation with a 
high fat cholesterol rich diet, ApoE 
transgenic mice demonstrated 
accumulation of amyloid β, a 
known component of drusen 
implicated in AMD. Of all strains 
ApoEe4 transgenic mice displayed 
the most severe 
pathologies111,262,263. 

Dicer1 
deficient mice 
 
 

RNAse III DICER1 is involved in 
the regulation of non-coding RNAs 
including the production of gene 
repressor miRNAs, and processing 
of long double stranded non-coding 
RNAs containing repeated 
transposable Alu sequences17,263,264.  

Deficiencies in DICER result in 
the accumulation of these Alu 
repeat containing RNA in the RPE, 
the presence of which causes 
mitochondria ROS production and 
inflammasome activation and RPE 
degeneration17,263,264.   

 
 
 
 
 
 
 
 
 
Naturally 
degenerating 

Crb1rd8/rd8 
 

Retinal degeneration 8 (rd8) is a 
spontaneous mutation in the Crumbs 
homolog 1 (Crb1) gene, which due 
to its function and localisation in the 
inner segments of photoreceptors, 
causes disorganisation of the retinal 
external limiting membrane, 
reduced functionality, and focal 
retinal degeneration265. 

Crb1rd8/rd8 mice develop drusen-
like deposits and retinal lesions 
that cause disruptions in the outer 
retina, specifically affecting the 
photoreceptors. Retinal function 
was also found to progressively 
decrease with age263,266. 

Abca4-/- 
 

ABCA4 is a member of the ABCA 
subfamily of ATP binding cassette 
(ABC) transporters that is expressed 
in the outer segments of both rod and 
cone photoreceptors267,268. ABCA4 
specifically functions as a 
transporter, in particular in the 
translocation of all-trans-retinal 
across photoreceptor disk 
membranes, a crucial process in the 
phototransduction cascade, and 
essential for maintaining the 
structure and integrity and survival 
of cells267,268. 

Abca4-/- mice demonstrate 
increased levels of all-trans retinal 
in disc membranes following high 
light exposure, and an 
accumulation of lipofuscin 
deposits in the RPE267,268. 
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 Rdh8-/- Retinol dehydrogenase 8 (Rdh8) is 
also involved in the clearance of all-
trans-retinal reducing all-trans-
retinal to all-trans-retinol in the 
photoreceptor outer segments269,270, 

Like Abca4-/- mice, mice deficient 
in Rhd8 have an accumulation of 
lipofuscin toxins, but no major 
pathological features269,270. 

 Abca4-/-/Rdh8-

/- 
Completely disrupted clearance of 
all-trans-retinal from photoreceptor 
outer segments269-271. 

These mice have a severe 
degenerative phenotype which is 
exacerbated by intense light 
exposure, including accumulating 
lipofuscin and drusen-like 
deposits, increased inflammation, 
RPE and photoreceptor atrophy, 
and reduced retinal function269-271. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stimulus 
based 

Photo-
oxidative 
damage 

Photo-oxidative damage induces 
cell death in the retina specifically 
causing high levels of oxidative 
stress such as lipid peroxidation of 
disc membranes in photoreceptor 
outer segments and generation of 
ROS from light-induced 
photoactivation of rhodopsin and 
lipofuscin pigments. The use of light 
closely mimics AMD pathology due 
to light being a natural risk factor for 
disease development272. 

Rodents subjected to damaging 
levels of light demonstrate damage 
to the outer retina, specifically 
causing the focal degeneration of 
the RPE and photoreceptors in the 
superior retina as well as thinning 
of the Bruch’s membrane and 
atrophy of the choriocapillaris. 
Further, increased presence and 
activation of 
microglia/macrophages along with 
high levels of oxidative stress and 
inflammatory pathways such as 
cytokine production, complement 
deposition and inflammasome 
activation can be seen in rodent 
retinas following exposure to 
photo-oxidative damage272,273.  

CEP 
 
 

Carboxyethylpyrrole (CEP) is a 
protein adduct formed as a by-
product following the oxidation of 
docosahexanoic acid (DHA), the 
mos prevalent fatty acid in the 
retina. the presence of CEP adducted 
proteins is found in the RPE and 
drusen of patients with AMD, and 
causes pathological inflammation274-

276.  

274-276Mice immununised with 
mouse serum albumin adducted 
with CEP demonstrated drusen-
like deposits, increased presence 
of C3 and C3d in the Bruchs 
membrane, invasion of peripheral 
macrophages, reduced retinal 
function and lesions and swelling 
in the RPE274-276. 

Laser-induced 
CNV 
 
 

Laser-induced choroidal 
neovascularisation (CNV) produces 
burns to induce breaks in Bruchs 
membrane which allows the growth 
of blood vessels from the choroid 
through to the retina via increased 
VEGF expression263,272 

Mice subjected to laser-induced 
CNV display fluid and blood 
leakage from choroidal vessels,  
along with increased infiltration 
and activation of 
microglia/macrophages,  retinal 
inflammation, oedema and cell 
death263, 272,124,149 

NaIO3 Sodium iodate (NaIO3) is a stable 
oxidising agent that converts glycine 
to toxic glyoxylate in RPE 
melanocytes, and inhibits the 
activities of redox enzymes lactate 
dehydrogenase, triose phosphate 
dehydrogenase and 
succinodehydrogenase. Further 
NaIO3 destroys the zona occludens 
tight junction proteins that maintain 
the BRB 277, 278,279.  

Pan-retinal RPE and photoreceptor 
cell death occurs in the retina of 
rodents within several hours after 
NaOI3 administration, along with 
choriocapillaris atrophy,  
In addition, macrophage 
accumulation and increased levels 
of oxidative stress and 
inflammation and reduced retinal 
function were observed in these 
rodents277, 278,279.   
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1.7.1.1. Photo-oxidative damage as a model for AMD. 

Photo-oxidative damage mimics the pathogenic features of AMD, inducing focal 

degeneration in the central retina following prolonged exposure to bright white light273,280. 

Further, with increasing time under light exposure the area of cell death progressively spreads, 

reaching into the peripheral and inferior retina281. Photo-oxidative damage induces 

photoreceptor and RPE cell death by triggering high levels of oxidative stress within retinal 

cells280,282, which like in AMD pathogenesis, results in the activation and recruitment of 

microglia/macrophages into the inner retina, and the upregulation of inflammatory 

pathways273. Increased levels of complement deposition69,72,282 inflammasome activation18,19, 

and pro-inflammatory cytokine secretion18,56,59,68 are also observed in response to photo-

oxidative damage, further replicating disease pathology. The use of RPE65L450M/+ mice in 

particular demonstrates the specific effects of photo-damage to the retina54,283. Mice possessing 

this Leu450Met mutation are shown to be increasingly susceptible to photo-oxidative damage-

induced retinal degeneration under lower-light intensities (10k lux)54,283, due to the crucial role 

of RPE65 in retinal chromophore recycling as part of the phototransduction cascade283. 

 

In this way the use of photo-oxidative damage is able to accurately mimic major 

pathological features of atrophic AMD. Benefits of photo-oxidative damage as a model further 

lie in the ability to be able to regulate light levels for a slower progression of degeneration, 

allowing the identification of molecular steps and mechanisms that occur in disease 

development. Compared to chemically induced degeneration models such as sodium iodate 

which induces rapid pan-retinal degeneration277,278,279, photo-oxidative damage can progress, 

with measurable changes, over days, weeks or months, depending on light intensity.  In 

addition, compared to natural degenerating mouse strains in which pathologies manifest over 
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years263,266,267,268, experimental paradigms using photo-oxidative damage can evolve in a more 

rapid time-frame, allowing for repetitive experimental runs. Finally, as this is a stimulus-based 

model, the use of knock-out mice can be employed to investigate molecular pathways that may 

be implicated in disease pathogenesis, as well as pharmacological interventions for therapeutic 

testing. Photo-oxidative damage paradigms are therefore employed in this thesis to investigate 

the role and mechanisms by which inflammatory pathways contribute to retinal degenerations, 

specifically GA-AMD. 

 
1.8. Summary and aims 

 

Oxidative stress and inflammation are key pathogenic features of AMD, with the NLRP3 

inflammasome in particular regarded as a major contributor to disease progression. To date 

however it remains unclear whether the reported upregulation of NLRP3 is a cause or 

consequence of disease itself, as evidence implicating this sensor receptor in AMD 

pathogenesis relies primarily on outcomes from in vitro investigations. Furthermore, as the 

majority of the field has been focused on the role of NLRP3, little has been explored in regards 

to the potential contribution other inflammasome components in the development of AMD. 

Finally, as multiple oxidative stress and inflammatory pathways are known to collectively 

contribute to disease development, it is likely that single-target therapeutic approaches may not 

be sufficient in combating immune dysregulation and preventing retinal cell death. Therefore, 

the major aims of this thesis are to: 

1) Explore the contribution and regulation of multiple oxidative stress and inflammatory 

pathways in the development of GA-AMD, and to, 

2) Investigate novel therapeutics options in preventing the spread of inflammation and cell 

death that occurs in disease pathogenesis. 
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Chapter 2 will describe the specific methodologies employed in this thesis to investigate these 

aims. In Chapter 3 I will present the co-first authored published work exploring the role of 

GSTO1-1, an antioxidant transfer protein, in the pathogenesis of AMD6. Next, the published 

work in Chapter 4 will detail the roles of the NLRP3 inflammasome sensor protein, as well as 

all major components of multiple inflammasome pathways, in the progression of AMD19. 

Following, in Chapter 5 I will report my unpublished findings investigating the effects of 

pharmacological inhibition of Caspase-1, the central effector protein in inflammasome 

pathways, as well as highlight potential mechanisms by which Caspase-1 activation results in 

retinal cell death. Finally, the co-first authored published work in Chapter 6 will be presented, 

describing a novel role for retinal exosomes and their miRNA cargo as mediators of retinal 

homeostasis and immune modulation20. The combined findings and significance of these works 

will be discussed in Chapter 7.  Together, these chapters will explore the contribution of 

multiple oxidative stress and inflammatory pathways in the development of GA-AMD, 

including the inflammasome and s-mEV-mediated immune regulation. Further, this work will 

present findings elucidating novel therapeutic targets for the treatment of GA-AMD such as 

GSTO1-1, Caspase-1, Gasdermin D and s-mEV-based therapeutics.  
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2. Methods: 
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2.1. Animal rearing and handling: 
 

All experiments were conducted in accordance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and with approval from the ANU Animal 

Experimentation Ethics Committee (Ethics IDs: A2014/56 and A2017/41). Adult male and 

female C57BL/6 wild type (WT) and knockout mice (Table 2.1) (aged between postnatal days 

(P) 60-90) were bred at the Australian Phenomics Facility (APF, ANU) and reared under 12 h 

light/dark cycle conditions (5 lux) with free access to food and water. The C57BL/6J and 

C57BL/6N colonies were genotyped for the presence of both the Rpe65450Met polymorphism or 

the deleterious Crb1rd8 mutation using previously published primer sets284,285. Sequencing for 

these was conducted at the ACRF Biomolecular Resource Facility, ANU. All C57BL/6J 

animals used possessed the Rpe65450Met polymorphism but were free of the Crb1rd8 mutation, 

while C57BL/6N mice did possess the Crb1rd8 mutation.  In addition, adult (P60) Chemokine 

C-X3-C motif receptor 1; yellow fluorescent protein (Cx3cr1-cre YFP+) mice (APF, ANU) 

maintained on a C57BL/6J background were used to isolate primary retinal microglia.  

2.1.1. Knockout mice: 

 
Complete genetic knockouts of Glutathione-S-Transferase Omega 1-1 (Gsto1-/-) used in 

this study were bred on the C57BL/6N strain, while inflammasome knockouts were bred on 

the C57BL/6J strain. Table 2.1 describes the origin and characterization of genetic knockouts 

used. All knockout strains were compared to age-matched WT controls.  
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Table 2.1: Origin and characterisation of genetic knockout mice.  

Strain Name Target gene Origin Characterisation 
ASD533 
(C57BL/6N) 
 
 
  

Gsto1-/- Glutathione-S-
Transferase 
Omega 1-1 

Model TF1210 
Gsto1/NM_01
0362 (Taconic 
Biosciences, 
USA) 

347bp deletions encompassing exons 1 and 2 of 
Gsto1 gene were performed in 129 embryonic 
stem cells (eSC). Mutant stem cells were 
injected into C57BL/6N blastocysts and 
chimeric mice were subsequently back crossed 
to C57BL/6N mice. PCR was used to determine 
knockout and genotype286. 

ASD770 
(C57BL/6J) 

Nlrp3-/- NACHT, LRR 
and PYD 
domains-
containing 
protein 3 

Purchased 
from Jackson 
Laboratory 

Neomycin resistance gene insertion into 129 
eSCs replaced all Nlrp3 exons 287. 

ASD771 
(C57BL/6J) 

Casp11-/- Caspase-11 Purchased 
from Jackson 
Laboratory 

Insertion of a PGK-neomycin selection cassette 
replaced exon 5 of Casp11, causing a 16 amino 
acid deletion in the coding region, including in 
the active site. Mutant eSCs were injected into 
C57BL/6J blastocysts and chimeric males were 
then backcrossed to produce germline 
transmission. Southern and western blots were 
used to ensure knockout and to determine 
genotype288.  

ASD769 
(C57BL/6J) 

Casp1/11-/- Caspase-1/11 Purchased 
from Jackson 
Laboratory 

A neomycin resistance gene cassette replaced 
exons 6 and 7 of Casp-1 in D3 eSCs. Mutant 
stem cells were subsequently injected into 
C57BL/6 blastocysts to create chimeric mice. 
Southern blots and qRT-PCR was used to 
confirm Casp-1 gene knockout and genotype 289 

ASD850 
(C57BL/6J) 

Aim2-/- Absent in 
Melanoma 2 

Dr. Vishva M. 
Dixit 
(Genentech, 
CA, USA). 

Exon 5 deletion in Aim2 gene encompassing 
initiating methionine (ATG) and PYRIN 
domain was performed. PCR and Western Blot 
confirmed Aim2 deletion and genotype in bone 
marrow-derived macrophages (BMDM) 
isolated from WT and Aim2-/- mice 290 

ASD832 
(C57BL/6J) 

Nlrc4-/- NLR family 
CARD 
domain-
containing 
protein 4 

Dr. Vishva M. 
Dixit 
(Genentech, 
CA, USA). 

Nlrc4 (also known as Ipaf) targeting vectors 
were electroporated into 129 R1 eSCs. The 
sequence from amino acids 8-374 was replaced 
by a PGK-neo cassette. Stem cell clones were 
identified by southern blot and injected into 
BALB/c blastocysts. Chimeric offspring were 
subsequently backcrossed into C57BL/6N 
mice, following which germline transmission 
was confirmed by southern blot and PCR291. 

ASD833 
(C57BL/6J) 

Asc-/- Apoptosis-
associated 
speck-like 
protein 
containing a 
CARD 

Dr. Vishva M. 
Dixit 
(Genentech, 
CA, USA). 

Asc targeting vectors were electroporated into 
129 R1 eSCs. Heterozygous stem cell clones 
were injected into C57BL/6N blastocysts, 
before being backcrossed to C57BL/6N mice. 
PCR and southern blot were used to confirm 
germline transmission as well as genotyping for 
complete knockouts291 

ENU18 
(C57BL/6J) 

GsdmdI105N

/I105N 
Gasdermin D Generated at 

the ANU 
An ethyl-N-nitrosourea (ENU) mutagenized 
mouse strain that produced a point mutation in 
the gene encoding Gsdmd. This point mutation 
was determined by exome sequencing, and 
identified an isoleucine (Ile, I) to asparagine 
(Asn, N) amino acid substitution at position 105 
(I105N). The presence of this single nucleotide 
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variant impairs the function (but not expression) 
of GSDMD292. 

ASD1028 
(C57BL/6J) 

Il-18-/- Interleukin-18 Purchased 
from Jackson 
Laboratory 
 
 

A neomycin-resistance gene replaced exons 3-5 
of Il-18 in eSC. Recombinant clones were 
screened by PCR and verified by southern blot. 
Clones were then injected into C57BL/6 
blastocysts to generate chimeric mice. 
Heterozygous mice were then crossed to obtain 
homozygous offspring. Northern blot and IL-18 
ELISAs were carried out to verify genotype293. 

ASD1029 
(C57BL/6J) 

Il-1r1-/- Interleukin-1 
receptor 1 

Purchased 
from Jackson 
Laboratory 
 

Using a targeting vector, a neomycin resistance 
cassette replaced amino acids 4-146 of the 
mature IL-1R1, encoding 2 exons. eSCs were 
electroporated with the targeting vector and 
selected. Recombinant clones were screened by 
PCR and verified using southern blot. Clones 
were then injected into C57BL/6 blastocysts 
and transferred into pseudo-pregnant Swiss 
Websters. Male chimeras were bred with 
C57BL/6 females, and tested for germline 
transmission by PCR. Heterozygous mice were 
then crossed and homozygous offspring were 
crossed for 5 generations before experimental 
use294. 

 
2.2. In vivo experiments:  

2.2.1. Photo-oxidative damage: 

 
Littermate age-matched WT and knockout mice were randomly assigned to photo-

oxidative damage (PD) and dim-reared (DR) control groups. Animals in the PD group were 

placed into reflective Perspex boxes and continuously exposed to 100K lux natural white LED 

light (COLDF2 2x36W, Thorn Lighting UK) for a period of 1, 3, 5 or 7 days, as well as 7 days 

recovery post damage (14 days) as described previously273. DR mice were maintained in 12h 

light (5 lux)/dark cycle conditions. Light regulation was maintained using a light meter logging 

device (HD450; Extech MA, USA), while temperature was maintained at ~23°C by the use of 

dual fan systems. Mice subjected to PD were administered pupil dilator eye drops (1% w/v 

Atropine Sulfate, Bausch and Lomb), twice-daily, morning and evening. Following 7 days PD, 

7-day recovery mice were returned to 5 lux DR conditions for one week. All mice had free 

access to food and water.  
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2.2.2. Electroretinography: 

 
Full-field scotopic electroretinography (ERG) was performed to assess the retinal function 

of DR controls and PD mice, in a dark room with minimal red lighting, as previously 

described273. Mice were dark-adapted overnight before being anaesthetised with an 

intraperitoneal injection of Ketamine (100 mg/kg; Troy Laboratories, NSW, Australia) and 

Xylazil (10 mg/kg; Troy Laboratories, NSW, Australia). Both pupils were also dilated with 

one drop each of 2.5% w/v phenylephrine hydrochloride and 1% w/v tropicamide (Bausch and 

Lomb, NY, USA). Mouse core body temperature was maintained at 37°C on a homeothermic 

blanket using a rectal probe thermometer (Harvard Apparatus, MA, USA).  

2.2.2.1. FS-250A Enhanced Ganzfeld, Photometric Solutions 
International. 

A cotton string eye-loop was tied to allow access to the eye, and eye gel (GenTeal; Novartis, 

NSW, AUS) was applied to maintain eye moisture. The head of the mouse was inserted into 

the Ganzfeld sphere, and a platinum corneal electrode was placed touching the cornea of the 

left eye, while a reference probe was clamped to the right ear. A BioAmp (AD Instruments, 

Dunedin, NZ), was set at 2mV to ensure minimal noise. A single- or twin-flash paradigm was 

used to elicit a mixed response from rods and cones, and an isolated cone response, 

respectively. Flash stimuli for mixed responses were provided by an LED-based system (FS-

250A Enhanced Ganzfeld, Photometric Solutions International, VIC, Australia), over a 

stimulus intensity range of 6.3 log cd s m−2 (range -4.4-1.9 log cd s m−2). The amplitude of the 

a-wave was determined from baseline to the trough of the a-wave response, and the amplitude 

of the b-wave was determined from the trough of the a-wave response to the peak of the b-

wave. Analysis was performed using LabChart 8 software (AD Instruments, Dunedin, NZ). 

The a-wave and b-wave data was fitted with a Naka-Rushton equation (R/Rmax = I/(I+K)) 

using the Solver function in Microsoft Excel to determine the Maximum Amplitude (Rmax), 
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and the Semi-saturation Constant (K) from the Response Amplitude (R), as well as the Flash 

Intensity (I) over the range of flash stimuli. Statistics were performed using Prism (GraphPad 

Software V5; GraphPad Software, Inc., La Jolla, CA, USA) and a two-way analysis of variance 

(ANOVA) for a-wave and b-wave. Data was expressed as the mean wave amplitude ± SEM 

(µV).  

2.2.2.2. Celeris, Diagnosys: 

Anaesthetised and pupil dilated mice (as above) were placed on the thermally regulated 

stage of the Celeris ERG system. The Celeris ERG system has combined Ag/AgCl electrode-

stimulator eye probes which measure the response from both eyes simultaneously, and uses 

32-bit ultra-low noise amplifiers and has built in impedence testing. Eye probes were cleaned 

with 70% ethanol, and then a Hypromellose 0.3% eye drop solution (GenTeal; Novartis, NSW, 

AUS) was applied to both probes, which were then placed covering and just touching the 

surface of each eye. A single- or twin-flash paradigm was used to elicit a mixed response from 

rods and cones, and an isolated cone response, respectively. Flash stimuli for mixed responses 

were provided using 6500K white flash luminance range over stimulus intensities from -2.0-

1.9 log cd s m−2. Responses were recorded and analysed using Espion V6 Software, 

(Diagnosys LLC, MA, USA). Statistics were performed using Prism (GraphPad Software V5; 

GraphPad Software, Inc., La Jolla, CA, USA) and a two-way analysis of variance (ANOVA) 

for a-wave and b-wave. Data was expressed as the mean wave amplitude ± SEM (µV).  

2.2.3. Optical Coherence Tomography (OCT): 

To determine retinal outer nuclear layer (ONL) thickness, cross-sectional images of 

live mouse retinas were taken at 1mm increments from the optic nerve (ON) using a Spectralis 

HRA+OCT device (Heidelberg Engineering, Heidelberg, Germany) as previously described 69. 

Briefly, mice were anaesthetized as above, and Hypromellose 0.3% eye drops (GenTeal; 
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Novartis, NSW, AUS) were administered to both eyes to improve OCT image quality and 

maintain corneal hydration. Mice were placed on a custom-made platform adapted for rodent 

imaging, and a rodent contact lens was placed on the eye (PMMA lenses, radius of curvature 

of the central optic zone of 2.70 mm and diameter of 5.20 mm; Cantor + Nissel, Brackley, UK). 

Following imaging, eye gel (GenTeal; Novartis, NSW, AUS) was administered to both eyes 

for recovery. OCT images were analysed using ImageJ software (NIH, MD, USA). 

2.2.4. In vivo inhibitor preparation: 

 
In vivo inflammasome protein interference was performed using specific inhibitors, 

NLRP3-specific inhibitor MCC950168 (Kindly gifted by Avril. A. B. Robertson), and CASP-1 

specific inhibitor ac-YVAD-cmk (Sigma Aldrich), as well as RNA interference using Nlrp3 

and Casp1 Silencer® Select siRNAs (Thermo Fisher Scientific, MA, USA). PBS, 0.1% 

dimethyl sulfoxide (DMSO; Sigma-Aldrich) in PBS and Silencer® Select negative control #1 

siRNA were used as respective controls (Thermo Fisher Scientific, MA, USA).  

 

MCC950 was reconstituted in Ultrapure Endotoxin-free 0.1M PBS (Thermo Fisher 

Scientific) at both 20µM and 100µM concentrations, while ac-YVAD-cmk was reconstituted 

in 50mg/ml DMSO and then diluted to final concentrations of 0.3mM and 1.85mM for 

intravitreal delivery and 12.5µmol/kg for intraperitoneal delivery in Ultrapure Endotoxin-free 

PBS. SiRNA was encapsulated using a cationic liposome-based formulation (Invivofectamine 

3.0 Reagent; Thermo Fisher Scientific, MA, USA) as per the manufacturer's instructions. 

Briefly, siRNA was diluted in Ultrapure Endotoxin-free PBS to a stock concentration of 2.4 

µg/ml. Equal volumes of complexation buffer was then mixed with diluted siRNA solution, 

and then mixed with Invivofectamine 3.0 (Inv. 3.0) in a 1:1 ratio and vortexed immediately. 

The solution was then incubated at 50°C for 30 minutes and then diluted 15-fold in Ultrapure 
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Endotoxin-free PBS. To purify and increase the concentration of the siRNA formulation to a 

final concentration of 0.3 µg/µL in Ultrapure Endotoxin-free PBS, the samples were spun at 

4000g through an Amicon Ultra-4 Centrifugal Filter Unit (Merck Millipore, MA, USA).  

 

ESCRT-independent exosome biogenesis pathway inhibition was performed using 

GW4869, a non-competitive inhibitor of nSMase2, the enzyme responsible for the conversion 

of sphingomyelinase to ceramide232. GW4869 (Sigma Aldrich, MO, USA) was reconstituted 

in DMSO to a stock concentration of 5mM then further diluted in Ultrapure Endotoxin-free 

0.1M PBS for intraperitoneal injections at 1.25mg/kg. 10.3% DMSO in Ultrapure Endotoxin-

free 0.1M PBS (corresponding to the final volume of DMSO in GW4869 preparations) was 

used as a negative control.  

2.2.4.1. Intravitreal injections: 

Mice were anaesthetized using an intraperitoneal injection of Ketamine (100 mg/kg; Troy 

Laboratories, NSW, Australia) and Xylazil (10 mg/kg; Troy Laboratories, NSW, Australia) 

following which intravitreal injections were performed as described in our previous 

publication18. Core body temperature was maintained using a heat mat at 37°C and a cotton 

string loop was tied around each eye to bulge it slightly from the socket allowing easier access. 

Pupils were dilated with 1% w/v Atropine Sulfate (Bausch and Lomb, NSW, and a 10% w/v 

povidone-iodine antiseptic liquid (Betadine; Faulding Pharmaceuticals, SA, AUS) was applied 

to each eye. 1µL pharmacological inhibitor or control was injected into both eyes of each 

C57BL/6J WT mouse using a 10µl Hamilton micro-injector with a 34-gauge beveled needle 

(World Precision Instruments, FL, USA) under a dissecting microscope (Leica, M125 Stereo 

Microscope; Leica Microsystems, Wetzlar, Germany). To allow easier insertion of the 

Hamilton injector, a punch incision pilot hole was first made using a 30-gauge needle (Becton 

Dickinson, NJ, USA), 0.5mm posterior to the temporal limbus, and 1.5mm deep into the 
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vitreous. Following injections, Chlorsig antibiotic cream (Aspen Pharma, NSW, AUS) and eye 

gel (GenTeal; Novartis, NSW, AUS) were applied to both eyes. Following recovery, mice were 

then placed in PD for 5 days.  

2.2.4.2. Intraperitoneal injections: 

Male C57BL/6J mice were injected with ac-YVAD-cmk (12.5µmol/kg body weight, 

reconstituted as above), or GW4869 (reconstituted as above 1.25mg/kg body weight) via intra-

peritoneal (I.P.) injection daily for 5 days while in DR or PD conditions. Respective control 

mice were injected daily with 0.1% DMSO or 10.3% DMSO in Endotoxin-free PBS. All mice 

were monitored daily for signs of distress or sickness. Following 5 days of daily I.P. injections, 

mice were placed in dark adaptation overnight for ERG analysis. 

2.2.5. Tissue Collection:  

 
Animals were euthanised with CO2 following functional analyses. Death was confirmed by 

loss of movement, heartbeat, reflexes and breathing. The superior surface of the left eye from 

each animal was marked with a permanent marker pen and enucleated using dissecting scissors 

and forceps (World Precision Instruments), then immersed in 4% paraformaldehyde (PFA) for 

3 hours. Eyes were then cryopreserved in 15% sucrose solution overnight, embedded in OCT 

medium (Tissue Tek, Sakura, JP), and frozen in acetone with dry-ice (-80°C). Eyes were then 

cryosectioned at 12µm in a parasagittal plane (superior to inferior) using a CM 1850 Cryostat 

(Leica) with duplicate sections placed onto Superfrost Ultra Plus glass slides (Thermo Fisher 

Scientific). To ensure accurate comparisons were made for histological analysis, only sections 

containing the ON head were used for analysis. Sections were then dried at 37°C overnight and 

then transferred to -20°C for long term storage. The retina from the right eye of each mouse 

used was excised through a corneal incision and placed into 50µl Cell Lytic M buffer (Sigma-

Aldrich, MO, USA) containing 1% Protease Inhibitor Cocktail (Sigma-Aldrich, MO, USA) to 
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extract whole retina protein lysates and then stored at -80°C until further use. Some retinas 

were placed into RNAlater solution (Thermo Fisher Scientific, MA, USA) at 4°C overnight 

and then stored at -80°C until further use. 

2.2.6. Immunolabelling:  
2.2.6.1. TUNEL Assay: 

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labeling (TUNEL), was used 

as a measure of photoreceptor cell apoptosis. TUNEL in situ labelling was performed on retinal 

cryosections using a Tdt enzyme (Cat# 3333566001, Sigma-Aldrich, MO, USA) and 

biotinylated deoxyuridine triphosphate (dUTP) (Cat# 11093070910, Sigma-Aldrich, MO, 

USA) as previously described295. Briefly, retinal cryosections were dehydrated in 70% ethanol 

for 20 minutes, washed in MilliQ water twice for 5 minutes each and then rehydrated in PBS 

for 10 minutes. Following, sections were permeabilized in 0.1% Triton-X-100 (Sigma Aldrich) 

for 2 minutes and then washed in PBS. Next, sections were submerged in 1x Tdt buffer (10x 

Tdt (Trisma Base, Sodium Cacodylate Trihydrate, Cobalt Chloride) in MilliQ) for 10 minutes 

and then incubated at 37°C for 1 hour with TdT reaction mixture (1.26 M biotinylated dUTP, 

0.5 units/µL TdT in 1x Tdt buffer). Following incubation, the reaction was stopped by 

immersing slides in 2x saline-sodium citrate solution (SSC; 0.3 M sodium chloride, 30mM 

sodium citrate) for 20 minutes. The sections were then blocked in 10% normal goat serum 

(NGS; Sigma Aldrich) for 10 minutes and then washed in PBS twice for 5 minutes each. 

Sections were then incubated in Streptavidin conjugated-Alexa Fluor 594 (1:1000, Thermo 

Fisher Scientific) for 30 minutes at 37°C. Finally, sections were washed in PBS twice for 5 

minutes each, and then counter-stained with bisbenzimide (1:10,000; Sigma Aldrich) for 2 

minutes at room temperature. Sections were washed in PBS three times for 5 minutes each and 

then coverslipped using AquaPoly Mount (Polysciences, PA, USA).  
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2.2.6.2. Immunohistochemistry:  

 
Immunohistochemical analysis of retinal cryosections was performed to detect specific 

proteins as previously described 59. Retinal sections were dehydrated in 70% ethanol for 10 

minutes, and then rehydrated in MilliQ water for 5 minutes and PBS for 5 minutes. Antigen 

retrieval was performed using Reveal-It Ag (ImmunoSolution, QLD, AUS) for 1 hour at 37°C. 

Sections were then rinsed in PBS twice for 5 minutes each, and then blocked with 10% NGS 

at room temperature for 1 hour. Primary antibodies (details displayed in Table 2.2) were then 

diluted in PBS and left overnight at 4°C in a humid chamber. Slides were washed three times 

in PBS for 5 minutes each. Secondary antibodies (Table 2.3) were added to each slide and 

incubated at 37°C for 2 hours. Slides were then washed in PBS twice for 5 minutes each, and 

then bisbenzimide (1:10,000, Sigma Aldrich) was added for 2 minutes. Finally, slides were 

rinsed in PBS three times for 5 minutes each before being mounted with AquaPoly Mount and 

coverslipped. Fluorescence was visualised and images obtained using a laser-scanning A1+ 

confocal microscope (Nikon, Tokyo, Japan). Images panels were analysed using ImageJ (NIH, 

MD, USA) and assembled using Photoshop CS6 software (Adobe Systems, CA, USA). 

 

Table 2.2: Primary antibodies used for immunolabelling.  

Antibody Dilution Company Catalogue Number 
Rabbit anti-GSTO1-1 1:500 Kindly gifted by Prof. Philip Board  
Peanut agglutinin (PNA) 1:500 Abcam ab110262 
Mouse anti-Rhodopsin 1:200 Merck Millipore MAB5356 
Rabbit anti-IBA-1 1:500 Wako, Osaka, JP 019-19741 

 

Table 2.3: Secondary antibodies used for immunolabelling. 

Antibody Dilution Company Catalogue Number 
Goat anti-rabbit Alexa Fluor 
488 

1:500 Thermo Fisher Scientific S31623  

Goat anti-mouse Alexa Fluor 
594 

1:500 Thermo Fisher Scientific S31619  
 

Streptavidin Alexa Fluor 594 1:1000 Thermo Fisher Scientific S32354 
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2.2.6.3. In situ hybridisation: 

 
To localise Nlrp3 messenger RNA (mRNA) transcripts in mouse retinal and human AMD 

donor retinal tissue cryosections, riboprobes specific for mouse Nlrp3 and Rhodopsin were 

developed (Thermo Fisher Scientific, MA, USA). Primers were designed specific to each gene 

(Table 2.4) and a T7 Polymerase tag was added to the 5’ end of the reverse primer in each set. 

cDNA was amplified using Touch-down PCR (Veriti 96 well Thermal Cycler, Applied 

Biosystems; Thermo Fisher Scientific, MA, USA), using MyTaq DNA Polymerase kit 

(Bioline). 40ng/µl cDNA was mixed with 5x MyTaq Reaction Buffer, MyTaq Polymerase, 

20uM appropriate forward and reverse primers (Table 2.4) and DNAse-free water. Samples 

were then run via a standard amplification protocol with minor modifications. First, samples 

were heated to an initial phase of 95°C for 3 minutes followed by 15 cycles of melting (95°C 

for 15 seconds), annealing (70°C for 15 seconds, with an AutoDelta step of -1°C/cycle), and 

amplification (72°C for 10 seconds). Finally, samples were run for 20 cycles at 95°C for 15 

seconds, 55°C for 15 seconds and 72°C for 30 seconds, and then maintained at 4°C. following 

PCR, amplification products were verified on a 1% agarose gel (Sigma Aldrich, MO, USA) 

via electrophoresis, using Gel Red (Biotium, CA, USA) for visualization. Bands were imaged 

using UV light source and camera (Vilber Lourmat, Paris, France).  

 

Single band PCR products were subsequently purified using ammonium acetate 

precipitation. Briefly, ammonium acetate (Sigma Aldrich, MO, USA) was added at ¼ volume 

to PCR product, following which ice-cold 100% ethanol was added at 10x the volume of 

ammonium acetate. Samples were centrifuged at 13,000rpm for 15 minutes at 4°C and 

supernatant was removed and replaced with 70% ice-cold ethanol to wash the pellet. Following 
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a 2 min spin at the same settings, the supernatant was again removed and replaced with 

Ultrapure water (Gibco, Thermo Fisher Scientific, MA, USA) for elution. Purified probe 

templates were subsequently quantified using ND-1000 spectrophotometer (Nanodrop 

Technologies, DE, USA) for RNA yield.  

 

These purified probe templates were then synthesised into a digoxigenin (DIG)- labeled 

riboprobe that was specific to mouse Nlrp3 or Rhodopsin, run as a positive control, according 

to our previously published protocol70. 

 

Mouse DR and 5 day PD retinal sections used were prepared as above. Adult human eyes 

were collected with informed consent following the tenets of the Declaration of Helsinki, 

through the Lions NSW Eye Bank, (NSW, Australia) with ethical approval from the Human 

Research Ethics Committee of both the University of Sydney and The Australian National 

University (Project No. 2012/218). Grading of the eyes was performed by experienced graders 

according to published pathological criteria296, and ranged from normal to early- or late- GA-

AMD. Human AMD tissue was catalogued and processed for sectioning based on previously 

published methods297. 

 

ISH was performed using established protocols298. Slides were dried at 37°C for 30 

minutes, then immersed in PBS for 5 minutes, 10% neutral buffered formalin (NBF) for 20 

minutes, and then in PBS again twice for 5 minutes each. Slides were then treated with 20µg/ml 

Proteinase K in Tris-EDTA (TE) at 37°C for 7 minutes for mouse sections, and 12 minutes for 

human sections. Slides were then rinsed in PBS for 5 minutes and re-immersed in 10% NBF 

for 20minutes. Following, slides were immersed in 0.1 triethanolamine (TEA) with 630µl 

acetic anhydride for 10 minutes and then immersed in 0.9% sodium chloride (NaCl) for 5 
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minutes. Slides were then dehydrated through a series of ethanol solutions (50%, 70%, 90% 

and 100%) each for 2 minutes. The slides were then air dried in a fume hood for 20 minutes 

prior to hybridisation.  

 

Pre-hybridisation solution (NaCl, Tris-HCL, NaH2PO4, NaEDTA, Ficoll 400, 

dithiothreitol, poly ribo A, yeast t-RNA, dextran sulphate and formamide) was heated to probe-

specific hybridisation temperatures (Table 2.4), and added to each slide with a coverslip placed 

on top. Slides were incubated at probe-specific hybridisation temperature for 3 hours in a 

hydrated fume box. A 50mL solution of formamide, 20x SSC and MilliQ water (1:3:2) was 

poured onto tissues lining the bottom of the fume box. Following pre-hybridisation, the 

hybridisation solution containing DIG-labelled probe was added to the slides, topped with a 

coverslip, and placed in the fume box for 16 hours at probe-specific hybridisation temperatures. 

 

Following hybridisation, slides were washed in decreasing concentrations (4%, 2%, 1%, 

and 0.1% twice) of saline sodium citrate solution (p.H 7.4) at 60°C (Post Hyb) for 30 minutes 

each. Slides were then washed in 0.1% SSC at room temperature for 10 minutes. Following 

SSC washes, slides were rinsed in washing buffer (1x Maleic acid with Tween-20 (Amresco, 

OH, USA) for 1 min, then blocked in blocking solution for 30minutes (Blocking reagent, 

maleic acid and MilliQ). Anti-digoxigenin antibody (1:1000, Roche Diagnostics) was added to 

the slides and incubated at room temperature for 30 minutes. Slides were then washed in 

washing buffer three times for 40 minutes each, and then incubated in detection buffer (Tris-

HCL, NaCl, MilliQ water, no Mg2+) for 5 minutes. Finally, the bound probe was subsequently 

visualised using nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate 

(NBT/BCIP; Sigma Aldrich, MO, USA) until colour developed (30minutes-16 hours) with 

minimal background staining. To stop the reaction slides were rinsed in MilliQ water, and 
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placed into 10% NBF for 20 minutes at 4°C. slides were then mounted with Aqua Poly Mount 

and coverslipped and stored at 4°C. 

 

To localize expression of miR-124, a double DIG-labeled miR-124-3p miRCURY LNA 

miRNA Detection Probe (Exiqon, Vedbaek, Denmark) was used on retinal cryosections, which 

were hybridized for 1 hour at 53°C, according to the manufacturer's instructions (Exiqon) and 

as previously described250The bound probe was visualized using 5-bromo-4-chloro-3 indoyl 

phosphate (NBT/BCIP; Sigma-Aldrich Corp., St. Louis, MO, USA). Bright field images were 

captured on the A1+ Nikon confocal microscope fitted with a DS-Ri1-U3 colour camera at 20x 

magnification and 4076x3116 pixel resolution. All images were centred at the site of lesion 

located approximately 1mm superiorly to the optic nerve head.  The images were imported into 

ImageJ V2.0 software (National Institutes of Health, Bethesda, MD, USA), converted to 8 bit 

format and then the mean grey values were measured at 5 different locations in the inner 

nuclear layer (INL), ONL, and the outer limiting membrane/photoreceptor inner segment 

region.  

 
Table 2.4: Primer sequences for in situ hybridisation riboprobe development. 

Gene Primer Sequences Temp °C 

Rhodopsin Forward: GAACTGTATGCTCACCA 
Reverse*: ATATATTAATACGACTCACTATAGGGACATCCATGTTCCCTT 

Hyb: 58 
Post Hyb: 60 

Nlrp3  Forward: ACCTCAACAGTCGCTACACG 
Reverse*:ATATATTAATACGACTCACTATAGGTAGACTCCTTGGCGTCCTGA 

Hyb: 56 
Post Hyb: 60  

*italised portion on reverse primer is T7 Polymerase sequence. 
 

2.2.7. RNA extraction: 

 
Total RNA was extracted from the retinal and cell samples as described previously299, using 

a combination of TRIzol (Thermo Fisher Scientific, MA, USA) and an RNAqueous Micro 

Total RNA Isolation kit (Thermo Fisher Scientific, MA, USA). Retinas were homogenized in 
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660µl TRIzol using a motorized pestle and incubated at room temperature for 7 minutes. 1/5 

volume chloroform was added to the samples, which were then vortexed thoroughly for 30 

seconds. Samples were the centrifuged for 10 minutes at 13,000g at 4°C to separate the RNA, 

DNA and protein phases into layers. The top colourless aqueous phase containing RNA as 

subsequently collected into a new Eppendorf tube. Equal volume of ice cold 70% ethanol was 

added to the collected RNA and samples were vortexed for 30 seconds. The solution was then 

transferred into a filter column, and spun using a benchtop centrifuge for 30 seconds at 13,000g 

to trap RNA in the filter. The flow through was discarded. 700µl wash solution #1 was added 

to the column and spun at the same settings as previous spin. Following, 500µl of wash solution 

#2 was added to the column and spun through, twice. After discarding the flow through, 

columns were spun dry for 2 minutes at the same centrifuge speed, and the resultant dry column 

was transferred to a collection tube. 20µl of a pre-heated 75°C elution solution was then added 

to the column, twice, and collected. Filter was discarded, and RNA frozen at -80°C until further 

use. The concentration and purity of each RNA sample was assessed using the ND-1000 

spectrophotometer (Nanodrop Technologies, DE, USA). Samples were only used if the 

A260/A280 ratio was above 1.8. 

2.2.8. miRNA extraction: 

Small RNA, including miRNA, was extracted from the retinal and s-mEV samples using a 

miRvana miRNA Isolation kit, with Phenol (Thermo Fisher Scientific, MA, USA), according 

to manufacturer’s instructions. 300µL lysis/binding solution was added to retinas or isolated s-

mEV pellets, and homogenized using a motorized pestle or titurated, respectively. 30µL 

miRNA homogenate additive was then added to the homogenate and mixed well by pipetting. 

Samples were left on ice for 10 minutes. 330µL Acid-Phenol:Chloroform was then added to 

the mixture and vortexed for 60 seconds to ensure sufficient mixing. Samples were then spun 
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at 10,000xg for 5 minutes at room temperature. Following centrifugation, the aqueous phase 

(upper layer) containing RNA was removed to a fresh Eppendorf tube, and 1.25 x volume 

100% ethanol was added. Aqueous phase/ethanol mixture was then mixed and added to a filter 

cartridge in a collection tube. The mixture was spun through the tiler cartridge at 10,000xg for 

15 seconds at room temperature. After discarding the flow-through, 700µl miRNA wash 

solution #1 was added and spun through the filter at the same settings. Next, 500µL miRNA 

wash solution #2/3 was added and spun through the filter twice at the same centrifuge settings. 

The flow through was discarded and the filter spun dry for 1 minute at 10,000 xg. Finally, 15µL 

pre-heated elution solution (95°C) was added to the filter in a fresh collection tube and spun 

through at 10,000xg for 15 seconds at room temperature, twice. RNA sample eluates were 

subsequently stored at -80°C until use. The concentration and purity of each RNA sample was 

assessed using the ND-1000 spectrophotometer (Nanodrop Technologies, DE, USA). The size 

distribution and concentration of s-mEV miRNA was further assessed using a 2100 Agilent 

Bioanalyzer with an Agilent Small RNA Kit (Agilent Technologies, CA, USA), according to 

the manufacturers’ instructions.  

2.2.9. cDNA:  

Following purification of RNA, cDNA was synthesised from 1µg of each RNA sample using 

a Tetro cDNA Synthesis Kit (Bioline, London, UK) from an mRNA template or using the 

TaqMan MicroRNA RT kit (Thermo Fisher Scientific) from a miRNA template, according to 

manufacturers’ instructions. 

For mRNA templates, a mixture containing RNA, Oligo (dT) primer (500µg/ml), dNTPs 

(10mM) and RNase-free water was made up to 14µL total volume and incubated at 70°C for 5 

minutes and then chilled at 4°C for 5 minutes using a Veriti 96-Well Thermal Cycler (Applied 

Biosystems, CA, USA). 6µl of a reverse transcriptase master mix containing (4µl 5x RT buffer, 
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1µl Ribosafe Inhibitor (10U/µl) and 1µl Tetro Reverse Transcriptase (200U/µl)) was added to 

each sample tube. Tubes were subsequently vortexed, and incubated at 45°C for 30 minutes. 

The reaction was terminated by increasing the temperature to 80°C for 5 minutes and then 

samples were chilled at 4°C. cDNA samples were stored at -20°C until use.  

 

From a miRNA template, a mixture containing 9µL diluted miRNA, 0.15µL 100mM 

dNTPs, 1µL MultiscribeTM Reverse Transcriptase, 1.5µL 10X Reverse Transcription Buffer, 

0.19µL 20U/µL RNase Inhibitor (all Applied Biosystems, Thermo Fisher Scienntific, MA, 

USA) and 3µL TaqManTM MicroRNA Assay Reverse Transcription Primer (Table 2.5) 

(Thermo Fisher Scientific, MA, USA), was made up to a total volume of 15µL. Solutions were 

vortexed and run on a Veriti 96-well Thermal Cycler (Applied Biosystems, Thermo Fisher 

Scienntific, MA, USA) to run reverse transcription of miRNA to cDNA. Thermal cycling was 

run at 16°C for 30 minutes, 42°C for 30 minutes and 85°C for 5 minutes. cDNA was then 

stored at -20°C until use.  

 

2.2.10. Quantitative real-time polymerase chain reaction (qRT-PCR): 

Gene expression was measured in retinal and cell samples via qRT-PCR using both mouse 

and human specific TaqMan hydrolysis probes (Thermo Fisher Scientific, MA, USA), as 

shown in Table 2.5. For each reaction, 0.5µL TaqMan probe, 1000ng synthesized cDNA 

diluted in RNAse-free water up to 4.5µL total volume, and 5.0µL TaqMan Gene Expression 

Master Mix (Thermo Fisher Scientific, MA, USA) were plated in a 384-well transparent plates 

(Applied Biosystems). Each reaction was performed in technical duplicate. Plates were covered 

with a MicroAmp Optical Adhesive Film (Applied Biosystems) and were run using a 

QuantStudio 12 K Flex RT-PCR machine (Thermo Fisher Scientific, MA, USA). The plate 

was incubated at 50°C for 2 minutes, 95°C for 10 minutes to allow for AmpliTaq Gold DNA 
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Polymerase activation and then cycled 40 times at 95°C for 15 sec (denaturation) and 60°C for 

1 min (annealing and extension). Analysis was performed using the comparative Ct method 

(ΔΔCt). Results were analysed as a percent change relative to control samples, and normalised 

to reference genes glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and b-actin (Actb) for 

mRNA templates or small nuclear RNA U6 for miRNA templates. 

 

Table 2.5: TaqMan hydrolysis probes (Thermo Fisher Scientific, MA, USA) used for 
qRT-PCR 

Gene symbol Gene name Catalogue number 
Asc/Pycard Apoptosis-associated speck-like protein containing a CARD Mm00445747_g1 
b-actin b-actin Mm01205647_m1 
Casp-1 Caspase-1 Mm00438023_m1 

Hs00354836_m1 
Chac1 Glutathione-specific gamma-glutamylcyclotransferase 1 Mm00509926_m1 
C3 Complement component C3 Mn00437858_m1 
Ccl2 Chemokine (C-C motif) ligand 2 Mm99999056_m1 
Gapdh Glyceraldehyde-3-Phosphatase Dehydrogenase Mm01536933_m1 

Hs02786624_g1 
Gpx3 Glutathione Peroxidase 3 Mm00492427_m1 
Gsdmd Gasdermin D Mm00509958_m1 
Gsto1 Glutathione-S-transferase Omega 1-1 Mm00599866_m1 
Hmox-1 Heme oxygenase 1 Mm01536933_m1 
Il-1b Interleukin-1b Mm00434228_m1 

Hs01555410_m1 
Il-18 Interleukin-18 Mm00434226_m1 
miR-124a Mmu_miR-124-3p 001182 (assay ID) 
Nlrp3 NLR family pyrin domain containing 3 Mm00840904_m1 

Hs00918082_m1 
Nox1 NADPH oxidase 1 Mm00549170_m1 
Nqo1 NAD(P)H dehydrogenase, quinone 1 Mm01253561_m1 
Nrf2 Nuclear factor, erythroid derived 2, like 2 Mm00477784_m1 
Pdcd6ip Programmed Cell Death 6 Interacting Domain Mm00478032_m1 
Smpd3 Sphingomyelin Phosphodiesterase 3 Mm00491359_m1 
Sod2 Superoxide dismutase 2 Mm01313000_m1 
U6 snRNA Small nuclear RNA U6 001973 (assay ID) 

 

2.2.11. Protein extraction 

Protein was extracted from retinas previously stored in Cell Lytic M buffer containing 

1% Protease Inhibitor Cocktail. Retinas were homogenized using a motorized pestle and then 

incubated on ice for 10 minutes to allow for cell lysis. Following lysis, the sample was 

centrifuged at 13,000g at 4°C for 10 minutes and the protein-containing supernatant was 
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removed and transferred to chilled Eppendorf tubes. Protein quantification was carried out 

using a Bradford Protein Assay according to manufacturer’s instructions (Bio-Rad, NSW, 

AUS). 5µL of each Bovine Serum Albumin (BSA) standard (0mg/ml to 2mg/ml) were diluted 

in 245µL 1x Bradford Dye reagent (Bio-Rad, NSW, AUS) and plated in duplicate in a clear 

Nunclon MicroWell 96-well Flat bottom plate (Thermo Fisher Scientific, MA, USA). 5µL 

retinal protein samples were then diluted in 245µL Bradford Dye reagent and added to the 

plate. The absorbance was measured at 595nm using a TECAN Infinite 200 Pro plate reader 

(TECAN, Switzerland). Retinal sample protein concentration (mg/mL) was determined from 

the equation of the line-of-best-fit (y= m(x) +c) from the standard curve of the BSA standard 

concentrations, where y = absorbance, x = concentration. The samples were then stored at -

80°C until further use.  

2.2.12. Western blot: 

 
Western blot was used to measure the protein expression of GSTO1-1, NLRP3, CASP-1 

and IL-1β in retinas from DR and PD WT, Gsto1-/-, Nlrp3-/-, and Casp1/11-/- mice, and in cell 

culture lysates from bone marrow-derived macrophages (BMDM) with and without ac-YVAD-

cmk. Further, the expression of CD9, CD63 and CD81 was measured in retinal s-mEVpellets. 

Prior to running the gel, 2x sample loading dye (50µL 2-Bromophenol blue (Sigma Aldrich) 

and 950µL 2x Laemmili Sample Buffer (Bio-Rad)) was added in equal volumes to protein 

sample, and denatured at 95°C for 5 minutes. Blots were performed according to previously 

described methods72. The gel chamber was filled with chilled 1x Tris-Glycine-SDS (TGS; Bio-

Rad) and 20µg of denatured protein was loaded into 4-20% Mini-Protean TGX Precast Protein 

gels (Bio-Rad, CA, USA). 10µL Precision-Plus Western C Blotting Standard (Bio-Rad, CA, 

USA) was also loaded. Gel electrophoresis was run at 200 V for 35 minutes. Following, 

proteins were transferred using semi-dry transfer to a nitrocellulose (for GSTO1-1, CD9, CD63 
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and CD81 detection) or PVDF membranes (for detection of NLRP3, CASP-1 and IL-1β). 

PVDF membranes were pre-soaked in 100% methanol for 20 minutes prior to transfer. The 

blotting sandwich was stacked on the anode base as follows: pre-soaked filter paper, pre-soaked 

membrane, gel, pre-soaked filter paper and cathode lid. The blotting stack was rolled with a 

blot roller to ensure there were no air bubbles. Transfer was run at 25 V for 30 minutes for 

small proteins (<30kDa) and 1 hour for mid and large sized proteins (<30kDa). Following 

transfer, the membrane was blocked in 5% skim milk diluted in Tris-Buffered-Saline (TBS) 

with 0.1% Tween 20 (TBS-T) for 2 hours at room temperature. The membrane was then 

transferred to primary antibody (Table 2.6) diluted in 1% skim milk powder in TBS-T 

overnight at 4°C. Membranes were then rinsed in TBS-T three times for 10 minutes each. The 

membrane was then transferred to appropriate secondary antibody (Table 2.6) diluted in TBS-

T for 4 hours at room temperature, followed by three washes in TBS-T. The protein was 

visualised with chemiluminescence using a Clarity Western ECL kit (Bio-Rad, CA, USA) and 

images were captured and analysed using a Chemidoc MP with Image Lab software (Bio-Rad, 

CA, USA).  

 
Table 2.6: List of antibodies used for Western Blot. 

Antibody Dilution Company Catalogue Number 
Rabbit anti GSTO1-1 1:500 Gifted by Prof Philip Board.  
Mouse anti NLRP3 1:1000 AdipoGen Life Sciences, 

Liestal, Switzerland. 
AG-20B-0014-C100 

Mouse anti Caspase-1 1:1000 AdipoGen Life Sciences, 
Liestal, Switzerland. 

AG-20B-0042-C100 

Goat anti IL-1β/IL-1F2 1:1000 R&D systems, MN, USA AF-401-NA 
CD63 1:1000 Thermo Fisher Scientific, MA, 

USA 
Ts63 

CD81 1:2000 Abcam, Cambridge, UK ab109201 
CD9 1:2000 Abcam, Cambridge, UK ab92726 
Rabbit anti GAPDH 1:3000 Sigma Aldrich, MO, USA G9545 
Goat anti Rabbit Horseradish peroxidase 
(HRP) conjugate 

1:1000 Bio-Rad, CA, USA 170-6515 

Goat anti mouse Horseradish peroxidase 
(HRP) conjugate 

1:1000 Bio-Rad, CA, USA 170-6516 

Chicken anti goat IgG (H+L) secondary 
antibody HRP 

1:3000 Thermo Fisher Scientific, MA, 
USA 

A15963 

Precision Protein StrepTactin-HRP 
Conjugate 

1:3000 Bio-Rad 161-0380 
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2.2.13. Protein Assays:  
2.2.13.1. Glutathione Assay: 

 
A glutathione assay was conducted to compare the levels of reduced glutathione (GSH) 

and oxidized glutathione (GSSG) in order to determine the oxidative state of both DR and PD 

WT and Gsto1-/- retinas. The assay was performed using whole retinal protein lysates and a 

De-proteinising Sample Preparation Kit – TCA (ab204708; Abcam, Cambridge, UK) and a 

GSH/GSSG Ratio Detection Assay Kit (Fluorometric – Green, ab138881; Abcam), according 

to the manufacturer’s protocols. 

2.2.13.2. IL-1β Enzyme-linked immunosorbent assay (ELISA): 

 
IL-1β levels in retinal and BMDM cell culture supernatant protein lysates were determined 

using IL-1β ELISA (ELISAkit.com, Scoresby, Australia) according to the manufacturer’s 

instructions. A standard curve was generated using ELISA standard diluted in assay diluent 1B 

at 2-fold dilutions (15.63 to 1000pg/mL) and plated in duplicates on provided 96 well plate 

pre-coated with mouse-IL-1β capture antibody. 50µL assay diluent 1B was added to each well 

of the standard curve, as well as each sample well containing 50µL retinal protein, in duplicate. 

Plates were sealed and incubated at room temperature for 2 hours, following which wells were 

aspirated and rinsed with 250µL wash buffer four times. 100µL biotin-labelled detection 

antibody (500ng/mL) was then added to each well, and plates sealed and incubated for 1 hour 

at room temperature.  Following incubation plates were again rinsed four times with wash 

buffer as before. 100µL streptavidin-HRP conjugate (1:500 diluted in assay diluent 1B) was 

then added to each well, and incubated for 45 minutes at room temperature. Five wash steps 

were then conducted, and 100µL TMB substrate was then added to each well for 15 minutes 

in the dark. Finally, the reaction was stopped by the addition of 50µL stop solution. The plate 
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was run using a TECAN Infinite 200 Pro plate reader (TECAN, Switzerland) at an absorbance 

of 450nm. The concentration (pg/mL) of IL-1β in each retinal sample was determined by 

plotting the sample absorbance against the standard curve generated. 

2.2.13.3. Mouse Cytokine/Chemokine Magnetic Bead Assay: 

 
Cytokine/chemokine levels in mouse whole retinal protein extracts were determined 

using a multiplex assay for IL-1β, IL-6 and CXCL1, as above, according to the manufacturer’s 

instructions (Cat# MCYTOMAG-70K, Merck Millipore, MA, USA). 

 
2.3. In vitro experiments:  

2.3.1. Cell Culture: 

Murine photoreceptor-derived 661W cells (kindly gifted by Dr. Muayyad R. Al-Ubaidi, 

Dept. of Cell Biology, University of Oklahoma Health Sciences Centre, Oklahoma City, OK, 

USA)300, murine brain derived microglia C8B4 (American Tissue Culture Collection (ATCC), 

Virginia, USA)301, immortalised human Müller-like MIO-M1 (Moorfield’s Institute of 

Ophthalmology, London, UK)302 and immortalised human RPE-like aRPE19 (ATCC)303 were 

validated for species authenticity (CellBank, Sydney, AUS), and used within five passages of 

authentication for in vitro experiments. Cells were cultured as previously published304, in 

Nunclon EasYFlask 75cm2 culture flasks with filter closure (Thermo Fisher Scientific, MA, 

USA) in growth medium containing Dulbecco’s Modified Eagle Medium (DMEM; Sigma-

Aldrich) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, MO, USA), 6 mM 

L-glutamine (Thermo Fisher Scientific, MA, USA) and antibiotic-antimycotic (100U/ml 

penicillin, 100 µg/ml streptomycin; Thermo Fisher Scientific, MA, USA). Cells were 

maintained in dim conditions in a humidified atmosphere of 5% CO2 at 37°C, and passaged by 

trypsinization using 0.25% Trypsin (Thermo Fisher Scientific, MA, USA) diluted in Ultrapure 

PBS (Thermo Fisher Scientific, MA, USA) every 3 – 4 days.  
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2.3.1.1. BMDM extraction and differentiation: 

 
Primary BMDM were extracted from C57BL/6J WT and Gsdmd-/- mice. Following death 

by cervical dislocation, mice were sterilised using 70% ethanol and the epidermis of lower 

abdomen was snipped and all skin removed from the midline to the foot. Adductor muscles 

were cut towards the midline allowing the legs to be severed between hip joint and spine. The 

legs were sprayed thoroughly with ethanol and soaked in Ultrapure Endotoxin-free 0.1M PBS 

for 3 hours.  

Following soaking, muscle tissue was stripped from each leg, and the tibia and femur 

were isolated, sprayed with ethanol and placed on a sterile Petri dish with 10mL of BMDM 

media (DMEM; Sigma-Aldrich, 30% medium conditioned by L-929 fibroblasts, 10% FBS; 

Sigma-Aldrich, 1% MEM non-essential amino acids; Thermo Fisher Scientific, MA, USA 1% 

Penicillin + Streptomycin; Sigma-Aldrich and 1% L-Glutamine; Thermo Fisher Scientific, 

MA, USA).   

The ends of the tibia and femur were each cut and the bones were held vertically over 

a 50 mL FalconTM 
tube. Marrow was flushed from the bones using 10mL of BMDM media in 

a sterile 10mL syringe with a 25-gauge needle (Becton Dickinson, NJ, USA). Once collected, 

marrow was resuspended in BMDM media using a 27-gauge needle (Becton Dickinson, NJ, 

USA). Marrow samples were topped up to 30mL media total volume, and shared evenly 

between three non-treated 15 cm tissue culture dishes (Corning, Sigma-Aldrich), and grown at 

37°C in a humidified incubator supplied with 95% air and 5% CO2. 5ml BMDM media was 

added to each dish after 3 days incubation. BMDM were ready for harvesting or stimulation at 

day 5. To harvest BMDM, cells were scraped off culture dishes with 23cm cell scrapers 

(Thermo Fischer Scientific, MA, USA), spun down at 900g for 5 minutes and re-seeded at a 
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density of 1.0 x 106 cells/well into non-treated 6 well plates (Nunc, Thermo Fisher Scientific, 

MA, USA). 

2.3.1.2. Fluorescence activated cell sorting of retinal microglia: 

Fluorescence activated cell sorting (FACS) was utilised to isolate Cx3cr1-YFP+ primary 

retinal microglia from 5 day PD mice, as well as DR controls. Briefly, retinas were pooled and 

collected in Hanks buffered saline solution (HBSS, Gibco; Thermo Fisher Scientific, MA, 

USA) and subsequently mechanically chopped up using scissors and digested in digestion 

solution (HBSS with 2.5mg/mL papain (Worthington Biochemical, NJ, USA), 200U DNAse I 

(Roche Diagnostics, NSW, AUS) 5µg/mL catalase (Sigma-Aldrich, MO, USA), 10µg/mL 

gentamycin (Sigma-Aldrich, MO, USA) and 5µg/mL superoxide dismutase (Worthington 

Biochemical, NJ, USA)) at 37°C for 8 minutes, followed by 10 minutes at 8°C. Following 

digestion, tissue suspensions were spun down at 1250rpm of 5 minutes at 4°C and then 

resuspended and neutralised in neutralisation buffer ((HBSS with 4% bovine serum albumin 

(BSA, Thermo Fisher, MA, USA), 50µg/mL antipain dihydrochloride (Roche Diagnostics, 

NSW, AUS), 200U DNAse I (Roche Diagnostics, NSW, AUS) 5µg/mL catalase (Sigma-

Aldrich, MO, USA), 10µg/mL gentamycin (Sigma-Aldrich, NSW, AUS) and 5µg/mL 

superoxide dismutase (Worthington Biochemical, NJ, USA)) for 10 minutes on ice. Samples 

were re-spun, washed in 1x PBS (Gibco, Thermo Fisher Scientific, MA, USA), and 

resuspended in 1.5mL of 1x PBS with 1% of 200U/mL DNAse I (Roche Diagnostics, NSW, 

AUS) and 0.5% MgCl2. Each solution was then filtered through 70µm MACS SmartStrainers 

(Miltenyi Biotec, Cologne, Germany) into a 5ml tube. Cell populations were isolated by FACS 

(BD FACSMelody cell sorter, CAM, JCSMR) using BD FACSChorus software (BD 

Biosciences). Retinal microglia isolated were seeded into 24 well plates containing 

DMEM/F12 (Gibco, Thermo Fisher Scientific, MA, USA) supplemented with 2.5ng/mL 

macrophage colony stimulating factor (M-CSF) (STEMCELL Technologies, VIC, AUS) and 
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0.5ng/mL granulocyte macrophage colony stimulating factor GM-CSF (STEMCELL 

Technologies, VIC, AUS), and grown until confluent. 

2.3.2. In vitro stimulation: 

Immortalised and primary cell cultures were either chemically stimulated or light damaged 

to establish in vitro inflammatory models of retinal degeneration. At passage two, immortalised 

cells were split and seeded into Nunclon Delta 24 well plates (Thermo Fisher Scientific, MA, 

USA) (at a density of 2.5 × 104 cells per well for 661W, 15 × 104 cells per well for C8B4, 2.0 

× 104 cells per well for MIO-M1, 10 × 104 cells per well for aRPE19), and into MilliCell EZ 

8-well chamber slides (Merck Millipore, MA, USA) (5000 cells per well for all cell types) in 

growth medium. Cells were incubated overnight in dim conditions in a humidified atmosphere 

of 5% CO2 at 37°C until confluency, and then incubated for an additional 24 hours in reduced-

serum DMEM (supplemented with 1% FBS, L-glutamine and antibiotic-antimycotic 

(Pen/Strep)), following which they were stimulated for inflammasome activation. BMDM 

harvested in non-treated 6 well plates were also used for inflammasome stimulation, and were 

incubated in reduced serum (1%) BMDM growth media for 24 hours prior to stimulation.  

2.3.2.1. In vitro photo-oxidative damage: 

661W cells were exposed to 15,000 lux light (2.2 mW/cm2; irradiance measured with 

PM100D optical power meter, THORLABS, NJ, USA) from two white fluorescent lamps 

(2 × 10W T4 tri-phosphor 6500K daylight fluorescent tubes; Crompton, NSW, Australia), for 

5 hours with 5% CO2 at 37 °C. For dim control cells, one plate and one chamber slide in the 

incubator were completely wrapped in aluminium foil to avoid light exposure. For air/gas 

exchange, six small incisions were cut on the aluminium foil. Following incubation, cells in 

both the dim and photo-oxidative damage chamber slides were washed in PBS before being 

fixed in 4% PFA for 2 hours at 4°C and then were maintained in PBS at 4°C until further use. 
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Cells in each of the 24 wells were washed with PBS and were then triturated either in TRIzol 

(Thermo Fisher Scientific, MA, USA) and stored at -80°C until further use, or in placed into 

Cell Lytic M buffer (Sigma-Aldrich, MO, USA) containing 1% Protease Inhibitor Cocktail 

(Sigma-Aldrich, MO, USA) and then stored at -80°C until further use. 

2.3.2.2. In vitro exosome inhibition  

To deplete FBS of s-mEV, the serum was centrifuged (200,000xg, at 4°C for 18 hours) 

using a Beckman Coulter Optima XE-100 Ultracentrifuge (Beckman Coulter, CA, USA), with 

a SW41Ti rotor (Beckman Coulter, CA USA) and the supernatant used as FBS supplement in 

all GW4869 experiments (adjusted growth media).  

To test the effect of GW4869 on inhibiting exosome biogenesis, 661W cells undergoing 

photo-oxidative damage or grown under dim conditions were seeded at a density of 1x105 

cells/well in 6 well plates (Nunc, Thermo Fisher Scientific, MA, USA) and grown to 80% 

confluence in growth medium. Media was removed and cells treated with 5, 10, 20 and 40µM 

GW4869, or equivalent DMSO, in adjusted growth media for 4h. The conditioned medium 

from four GW4869-treated or control wells was pooled and processed for s-mEV isolation and 

characterisation as described in Sections 2.4 and 2.41. 

BMDM from WT and Gsdmd-/- mice were primed with 20ng/mL LPS from Escherichia 

coli 0111:B4 (N4391, Sigma Aldrich, MO, USA) for 4 hours and stimulated with 5mM ATP 

(A6419, Sigma Aldrich, MO, USA) for 0.5 hours. Unstimulated cells were used as negative 

controls. For s-mEV isolation supernatants were collected immediately for both control and 

LPS/ATP groups. Following stimulation, the media was changed and cells were left for 24 

hours for further s-mEV secretion, and supernatant collected.  
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2.3.2.3. Cell viability by MTT 

To test the viability of the cells after 5 hours of photo-oxidative damage in the presence or 

absence of varying concentrations of GW4869 a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay (Thermo Fisher Scientific, MA, USA), was 

performed according to manufacturer’s instructions. After discarding the conditioned media, 

100µl of DMEM supplemented with 1% FBS, 6mM L-glutamine and antibiotic-antimycotic 

containing 10% MTT was added to all wells. The cells were incubated (4 hours, 37oC, 5% 

CO2) to allow for the formation of formazan crystals. After 4 hours, 100µl of sodium dodecyl 

sulphate was added to each well to dissolve the formazan crystals (18 hours, 37oC, 5% CO2). 

The absorbance of the solution in the wells was measured at 570nm with a 670nm reference 

wavelength using an Infinite® 200 Pro plate reader (Tecan, Mannedorf, Switzerland). 

Background absorbance (wells containing medium with MTT reagent) was subtracted from all 

sample wells then viability was calculated by dividing the absorbance of treated wells (DMSO 

or GW4869) by controls (untreated wells). 

2.3.2.4. C8B4, Primary microglia, MIO-M1 and aRPE19. 

Immortalised and primary microglia, and BMDM, were primed with 20ng/mL LPS from 

Escherichia coli 0111:B4 (N4391, Sigma Aldrich, MO, USA) for 4 hours and stimulated with 

either 5mM ATP (A6419, Sigma Aldrich, MO, USA) for 0.5 hours or 10µM Nigericin sodium 

salt from Streptomyces hygroscopicus (N7143, Sigma Aldrich, MO, USA) for 1 hour (C8B4 

only). Immortalised Müller cells (MIO-M1) and RPE cells (aRPE-19) were primed with 

20ng/mL LPS for 4 hours, 10ng/mL TNF-α (210-TA, R&D Systems, MN, USA) for 24 hours, 

or 50ng/mL Recombinant Human Interleukin-1α (IL-1α) Protein (ab9615, Abcam, Cambridge, 

UK) for 24 hours. MIO-M1 and aRPE-19 cells were then stimulated with 5mM ATP for 0.5 

hours. 50µM, and 100µM ac-YVAD-cmk (Sigma-Aldrich), dissolved in 50mg/ml DMSO, and 
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diluted in Ultrapure PBS, was added to some wells of BMDM prior to stimulation with 

LPS/ATP to inhibit CASP-1. Unstimulated cells were used as negative controls. 

2.3.1. Immunocytochemistry: 

Immunocytochemistry was performed on the dim and PD chamber slides of 661W cells 

using a protocol previously described304. Briefly, individual chamber wells were fixed with 2% 

PFA for 30 minutes at room temperature, rinsed in PBS twice for 5 minutes each and then 

permeabilized using 0.2% Triton X-100 diluted in PBS for 2 minutes. Cells were then washed 

in PBS three times for 5 minutes each and then blocked in 10% NGS for 1 hour at room 

temperature. Following blocking, cells were incubated with primary antibodies (Table 2.2) 

overnight at 4°C, and then were washed twice in PBS and incubated in secondary antibody 

anti-rabbit IgG-Alexa Fluor 488 (Table 2.3; 1:1,000, Thermo Fisher Scientific) for 4 hours at 

room temperature. The chamber slides were then washed two times in PBS for 5 minutes each, 

counter stained with Bisbenzimide (1:10,000, Sigma-Aldrich), mounted and cover-slipped 

with AquaPoly Mount and analysed using the A1+ confocal microscope. 

2.4.  s-mEV Isolation:  
 

Mice were euthanised with CO2 following experimental runs. Either two (from one mouse) 

or four (from two mice - used for high-throughput sequencing) retinas were pooled and 

collected in Hanks Buffered Saline Solution (HBSS, Gibco; Thermo Fisher Scientific, MA, 

USA). Retinas were transferred to 500µL digestion solution ((HBSS with 2.5mg/mL papain 

(Worthington Biochemical, NJ, USA), 200U DNAse I (Roche Diagnostics, NSW, AUS) 

5µg/mL catalase (Sigma-Aldrich, MO, USA), 10µg/mL gentamycin (Sigma-Aldrich, MO, 

USA) and 5µg/mL superoxide dismutase (Worthington Biochemical, NJ, USA)) and finely 

chopped using scissors. Retinas were incubated at 37°C for 8 minutes, followed by 20 minutes 

at 8°C, to allow for the breakdown of the extracellular matrix and s-mEV release. Following 

digestion, tissue suspensions were neutralized by diluting in 11.5mL of HBSS (Gibco; Thermo 
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Fisher Scientific, MA, USA) and centrifuged at 1000g for 10minutes at 4°C to allow for the 

removal of cells and cell debris. The supernatant was transferred to 14x89mm Beckman Ultra-

Clear ultracentrifuge tubes (Beckman Coulter, CA USA), and spun down at 10,000xg for 

30minutes in a Beckman Coulter Optima XE-100 (Beckman Coulter, CA USA), fitted with a 

SW41Ti Rotor (Beckman Coulter, CA USA). This step allowed for the precipitation of large 

EVs and remaining cell debris. The s-mEV-containing supernatant was transferred to new 

ultracentrifuge tubes and spun for 1.5hours at 150,000xg using the same centrifuge setup. The 

supernatant was carefully decanted, and the s-mEV pellet was resuspended via tituration for 1 

minute in 500µL Ultrapure Endotoxin-free 0.1M PBS and used immediately for quantification. 

 

When s-mEV RNA was required, the s-mEV pellet was resuspended immediately after 

ultracentrifugation in 100µl of RNAse-A at 10ug/ml diluted in Ultrapure Endotoxin-free 0.1M 

PBS, and incubated for 30 minutes at 37°C to digest any potential RNA contamination. 

Following RNAse treatment, s-mEV RNA was extracted using a mirVana miRNA isolation kit 

(Thermo Fisher Scientific, MA, USA) as per section 2.2.8 

 

For protein analysis, s-mEV pellets were immediately lysed in 50µL Cell Lytic M Buffer 

supplemented with 1% protease inhibitor cocktail and stored at -80°C until use. 

2.4.1. s-mEV Characterisation 
2.4.1.1. Nanosight 

The size and concentration of s-mEV was measured using nanoparticle tracking system 

analysis on a NanoSight NS300 (Malvern Instruments, Malvern, UK). s-mEV samples were 

diluted 1:20 (retinal s-mEV) 1:40 (cell culture s-mEV) in 1ml in Ultrapure Endotoxin-free 

0.1M PBS, such that the particle per frame value was between 20 and 100. A total of 9 videos 

with a length of 30s each were captured (camera setting: 14) for each sample under constant 
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flow provided by a syringe pump set at a speed of 35. The detection threshold was set between 

4-5 and was not altered between measurements within the same experiment. The concentration 

values, modal and mean sizes were exported to Prism V7 (GraphPad Software, CA, USA) for 

statistical analysis and plotting.  

2.4.1.2. Zetasizer 

Dynamic light scattering measurements were performed using a ZetaSizer Nano ZS 90 

(Malvern Instruments, Malvern, UK). A 500µL undiluted retinal s-mEV suspension in 

Ultrapure Endotoxin-free 0.1M PBS was prepared, loaded in a low-volume disposable sizing 

cuvette (ZEN0112, Malvern Instruments, Malvern, UK) and agitated before measurements. 

Measurement parameters were set as follows: Material Refractive index – 1.46, Dispersant 

Refractive Index – 1.330, Viscosity (cP) – 0.888, Temperature (OC) – 25, and Measurement 

Duration (s) – 60. The acquired intensity data was transformed using the General Purpose 

Model inbuilt into the Zetasizer analysis software to generate the size distribution of the s-

mEVs.  

2.4.1.3. Transmission Electron Microscopy 

A 30µl retinal s-mEV suspension was placed on a 200-mesh carbon-coated copper grid 

(Sigma-Aldrich, MO USA) pre-treated with glow discharge using a Emtech K100X system 

(Quorum Technologies, Sussex, UK). After 20 minutes, s-mEV were contrasted with 2% 

uranyl acetate solution for 1 minute, followed by 3 washes in 0.22µm filtered-PBS (Thermo 

Fisher Scientific, MA, USA). Excess PBS was removed by placing a piece of absorbent paper 

at the edge of the grid. The grids were imaged on a Hitachi 7100 FA transmission electron 

microscope (Hitachi, Tokyo, Japan) at 100kV. The images were captured with a side mounted 

Gatan Orius CCD camera (Gatan, CA, USA) at 4008x2672 pixels resolution using a 2 seconds 

exposure operated through Gatan Microscopy Suite (Gatan, CA, USA). A total of 20 images 
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were captured at 100,000x magnification from 4 different grids each containing s-mEV isolated 

from a different retina. The images were imported into ImageJ V2.0 software (National 

Institutes of Health, Bethesda, MD, USA), and the diameter of approximately 230 s-mEV was 

measured. The size distribution was plotted in a histogram with 20nm wide bins using Prism 

V7.0 (GraphPad Software, CA, USA). 

 

2.5. Small RNA high-throughput sequencing 
2.5.1. Library preparation and sequencing 

cDNA libraries from miRNA-enriched s-mEV RNA samples were prepared by the John 

Curtin School of Medical Research Biomolecular Research Facility (JCSMR, BRF, ACT, 

AUS), using the Capture and Amplification by Tailing and Switching method (CATS RNA-

seq Kit v2 x24, Diagenode Cat# C05010041, Leige, Belgium). 10ng RNA was used as input 

and the dephosphorylation step omitted to select for 3’-OH RNA species (miRNA). The library 

was amplified with 9 PCR cycles and cleaned with 0.9x AMPure® XP beads (A63881, 

Beckman Coulter, CA, USA) to enrich for DNA fragments shorter than 50nt. Libraries were 

multiplexed and sequenced on a single lane using the Illumina NextSeq500 (Illumina, CA, 

USA) acquiring 50 base-pairs single-end reads. The sequencing depth was between 8 and 15 

million reads/sample with an average phred read quality of 33 (Supplementary Figure 6.3A).  

2.5.1. Bioinformatics  

Sequencing reads were initially checked for quality scores, adapter/index content and K-

mer content using FastQC v0.11.8 (Babraham Bioinformatics, Cambridge, UK), then imported 

into Partek® Flow® (Partek Inc, MO, USA) for all subsequent analyses. Base composition 

analysis indicated the presence of an enriched poly-A tail and the CATS template-switching 

nucleotide within the first 3 base-pairs of the reads (Supplementary Figure 6.3B), indicating a 
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successful library preparation. A trimming pipeline was created according to the following 

cutadapt code “cutadapt --trim-n -a GATCGGAAGAGCACACGTCTG -a 

AGAGCACACGTCTG <input.file> | cutadapt -u 3 -a AAAAAAAAAACAAAAAAAAAA -

e 0.16666666666666666 - | cutadapt -g GTTCAGAGTTCTACAGTCCGACGATC -m 18 -o 

<output.file> -”,  to remove the template switching nucleotide and the 3’ and 5’ adapters 

associated with the CATS library preparation. After trimming, the base composition was 

centered around 25% for each nucleotide (Supplementary Figure 6.3C), and FastQC analysis 

confirmed the effective removal of the 3’ and 5’ adapters and indices.  

 

Trimmed reads were aligned against the mature mouse miRNA downloaded from 

miRbase v.22 using the Burrows-Wheeler Aligner (BWA) in backtrack mode with parameters 

-n 1(base), -o 1, -e -1, -d 10, -i 5, -k 2, -E 4, -R 30, -t 24 (as recommended by 305). MiRNAs 

with less than 10 alignments across all samples were discarded from the subsequent analyses. 

Reads aligned to miRbase v.22 (mature miRNAs) with BWA had a length distribution between 

18-24 nucleotides consistent with the expected length of mature miRNA (Supplementary 

Figure 6.3D). Aligned reads were normalized using the Trimmed means of M (TMM) and 

Upper Quartile (UQ) methods as recommended 306, with the latter being chosen as the preferred 

method as it produced less variable means and distributions (Supplementary Figure 6.3E, F 

and G). After normalization, a two-dimensional principal component analysis was performed 

in Partek® Flow® (Partek Inc, MO, USA) to assess the clustering of the samples and identify 

outliers. Fold changes and statistical significance were computed using the Gene Specific 

Analysis (GSA) tool within Partek® Flow® (Partek Inc, MO, USA). This function uses the 

corrected Akaike Information Criterion to select the best statistical model for each gene from 

the available Normal, Negative Binomial, Lognormal or Lognormal with shrinkage options. 

Lognormal with shrinkage307, produced the best fit and thus was selected to perform differential 
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analysis. A dataset was created containing the expression values for each miRNA in all samples 

and imported into R308. The counts were log2 transformed to display the distribution of 

miRNAs in dim-reared and photo-oxidative samples using the packages ggbeeswarm309 and 

ggplot2310. Hierarchical clustering analysis (HCA) was performed in Partek® Flow® (Partek 

Inc, MO, USA) using the Euclidian distance as a point metric distance and the average linkage 

as the agglomerative method. 

Sequencing data can be accessed from BioProject (Accession ID: PRJNA615966). 

2.5.2. Network and pathway enrichment analysis 

The miRNet platform311 was used to elucidate potential interactions between s-mEV 

miRNA and retinal mRNA. The mRNA dataset is available from BioProject (accession ID: 

PRJNA606092) and comprises of all retinal genes with a log2(count per million) value > -2.4 

(Supplementary Table 6.2). The retinal targetome of the top 10 s-mEV miRNAs was imported 

into Enrichr312 and analyzed for over-expressed pathways annotated in Wikipathways313 

(mouse annotation), and gene-disease associations listed in DisGeNet database314.  

 

2.6. Analysis 
2.6.1. Histological Analysis. 

To determine photoreceptor cell death, in each retinal section, the total number of 

TUNEL+ cells were counted including both the superior and inferior retina. This process of 

quantification was performed on two retinal sections per animal, and was calculated as the 

average number of TUNEL+ cells per retinal section. Images of TUNEL staining were captured 

with the A1+ confocal microscope at 20× magnification.  
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Using OCT cross-sectional retinal images and ImageJ software (National Institutes of 

Health, Bethesda, MD, USA), outer nuclear layer (ONL) thickness was calculated as the ratio 

of the thickness of the ONL to the whole retinal thickness (outer limiting membrane to the 

inner limiting membrane). ONL thickness was measured five times at 1-mm intervals across 

the retina and averaged. In addition, the thickness of the ONL was determined by counting the 

number of rows of nuclei (photoreceptor cell bodies) in the area of retinal lesion development 

(1mm superior to the optic nerve head), to quantify photoreceptor survival. The process of 

ONL photoreceptor cell row quantification was performed five times per retina, on two retinal 

sections at comparable locations per mouse. 

 

As a measure of inflammation, the number of IBA-1+ cells (a marker of retinal microglia 

and macrophages) was counted across the superior and inferior retina in retinal cryosections. 

This quantification was performed on two retinal sections per mouse and averaged. Retinal 

cryosections were stained with the DNA-specific dye bisbenzimide (1:10,000, Sigma-Aldrich, 

MO, USA) to visualise the cellular layers.  

2.6.2. Imaging and Statistical analysis 

Confluency and morphology of primary and immortalised cell cultures was examined using 

Zeiss Axiovert 200 Fluorescence/Live cell imagine microscope (Zeiss). Fluorescence in retinal 

and cell sections was visualised using A1+ Confocal Microscope System with NIS-Elements 

Advanced Research software. All graphing and statistical analysis was performed using Prism 

6 (GraphPad Software, CA, USA). An unpaired Student t test, one-way analysis of variance 

(ANOVA), or two-way ANOVA with Tukey’s multiple comparison post-test were utilised to 

determine the statistical outcome; a P value of <0.05 was considered statistically significant. 

All data was expressed as the mean ± SEM. 
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3. Results 
 
 
Photoreceptor Survival Is Regulated by GSTO1-1 in the Degenerating Retina 

This chapter is presented as the following publication (* denotes equal first author):  

Fernando, N*., Wooff, Y*., Aggio-Bruce, R., Chu-Tan, J.A., Jiao, H., Dietrich, C., Rutar, M., Rooke, M., Menon, 
D., Eells, J.T. and Valter, K., 2018. Photoreceptor survival is regulated by GSTO1-1 in the degenerating 
retina. Investigative ophthalmology & visual science, 59(11), pp.4362-4374. 

The candidate has made a major contribution as a first author to this study (generating 75% of 
the data and preparing the manuscript for publication).  
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3.1. Abstract:  
 

Purpose: Glutathione-S-transferase omega 1-1 (GSTO1-1) is a cytosolic glutathione 

transferase enzyme, involved in glutathionylation, toll-like receptor signalling and calcium 

channel regulation. GSTO1-1 dysregulation has been implicated in oxidative stress and 

inflammation, and contributes to the pathogenesis of several diseases and neurological 

disorders; however, its role in retinal degenerations is unknown. The aim of this study was to 

investigate the role of GSTO1-1 in modulating oxidative stress and consequent inflammation 

in the normal and degenerating retina. Methods: The role of GSTO1-1 in retinal degenerations 

was explored using Gsto1-/- mice in a model of retinal degeneration. The expression and 

localization of GSTO1-1 was investigated using immunohistochemistry and western blot. 

Changes in the expression of inflammatory (Ccl2, Il-1β and C3) and oxidative stress genes 

(Nox1, Sod2, Gpx3, Hmox1, Nrf2 and Nqo1) were investigated via quantitative real time 

polymerase chain reaction (qRT-PCR). Retinal function in Gsto1-/- mice was investigated using 

electroretinography. Results: GSTO1-1 was localized to the inner segment of cone 

photoreceptors in the retina. Gsto1-/- PD mice had decreased photoreceptor cell death as well 

as decreased expression of inflammatory (Ccl2, Il-1β and C3) markers and oxidative stress 

marker Nqo1. Further, retinal function in the Gsto1-/- PD mice was increased compared to WT 

PD mice. Conclusions: These results indicate that GSTO1-1 is required for inflammatory-

mediated photoreceptor death in retinal degenerations. Targeting GSTO1-1 may be a useful 

strategy to reduce oxidative stress and inflammation and ameliorate photoreceptor loss, 

slowing the progression of retinal degenerations. 
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3.2. Introduction: 
Glutathione-S-transferase omega 1-1 (GSTO1-1) is a member of a family of glutathione S-

transferase enzymes, with many reported roles including protein protection via 

glutathionylation and in modulating oxidative stress and inflammation315-317. Protein-S-

glutathionylation is a post-translational modification whereby mixed disulfides are formed 

between protein thiols and glutathione (GSH), to protect these groups from being oxidized to 

sulfonic acids, and the protein becoming irreversibly inactivated318. In contrast to this role, 

GSTO1-1 has also been shown to deglutathionylate certain intracellular protein thiols316, 

exposing them to permanent oxidative damage and initiating a pro-inflammatory cascade.  

GSTO1-1 has been implicated in the regulation of oxidative stress and inflammation in various 

organ systems, where both overexpression and polymorphisms in the encoding gene have been 

linked to pathological diseases including cancer, and neurological disorders319-323.  

 

GSTO1-1 has been shown to be required for lipopolysaccharide (LPS)-mediated 

inflammatory responses in macrophages, inducing reactive oxygen species (ROS) production 

and pro-inflammatory cytokine expression through the toll-like receptor 4 (TLR4) 

pathway286,324. GSTO1-1 deficient macrophages consequently demonstrate lower levels of 

oxidative stress and inflammation286,324. Notably, GSTO1-1 plays a role in modulating caspase 

3-dependent apoptosis in the mouse retina, and in 661W photoreceptor-like cell cultures during 

hypoglycemia-induced oxidative stress325. In the retina, GSH along with the antioxidant 

enzyme glutathione peroxidase (GPx), are expressed in photoreceptors and act to detoxify 

peroxides326. GSH and glutathione reductase (GR), which is required for the regeneration of 

GSH from its disulfide GSSG, are rapidly depleted during oxidative stress-induced 

photoreceptor cell death104,327, while high plasma GPx is considered to be a strong indicator of 

AMD104,326. However, the role of GSTO1-1 in modulating oxidative stress and inflammation 

in the normal and degenerating retina is currently unknown. 
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Photoreceptors have one of the highest oxygen consumption levels of any cell type in the 

body104,328, and are considered the major site of reactive oxygen species (ROS) production in 

the retina and are highly prone to oxidative damage105,329. This vulnerability is exacerbated by 

a range of environmental and lifestyle factors, such as light exposure, a history of smoking, 

and obesity330. In addition, photoreceptors are rich in polyunsaturated fatty acids, also making 

them vulnerable to lipid peroxidation104. Photochemical injury resulting from light exposure, 

is also known to induce photoreceptor damage, apoptosis and hypopigmentation of the retinal 

pigment epithelium (RPE)104,328. As the central retina has a high concentration of 

photoreceptors, oxidative damage tends to accumulate in this area, contributing to the 

pathogenesis of retinal degeneration. Given the naturally high oxidative state of the retina, it is 

logical that there are tightly regulated cellular defense mechanisms in place, to protect the retina 

from oxidative damage and the ensuing inflammatory response105. Oxidative stress and 

inflammation are implicated in the pathogenesis of many retinal degenerations, including Age-

Related Macular Degeneration (AMD), diabetic retinopathy and retinitis pigmentosa1,104-109.  

 

Here, we aimed to characterize the role of GSTO1-1 in the retina using Gsto1-/- mice, and 

investigate its effect on oxidative stress and inflammation in the degenerating retina, using a 

rodent model of photo-oxidative damage, in which oxidative stress and inflammation have 

been shown to contribute to progressive focal retinal degeneration18,59,68,70,331. The results 

indicate that GSTO1-1 has a damaging effect in retinal degenerations, and demonstrate that 

knocking out GSTO1-1 reduces oxidative stress and inflammation, and related photoreceptor 

cell death in the retina in a model of retinal degenerations. 
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3.3. Methods: 
3.3.1. Animal handling and photo-oxidative damage: 

All experiments were conducted in accordance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and with approval from the ANU Animal 

Experimentation Ethics Committee (Ethics ID: A2014/56). Adult male and female C57BL6 

wild type (WT) and Gsto1-/- mice (aged between 60-90 postnatal days) were bred and reared 

under 12 h light/dark cycle conditions (5 lux) with free access to food and water. Gsto1-/- mice 

were supplied by Taconic Biosciences (U.S.A), Model TF1210 Gsto1/NM_010362 and were 

subsequently back crossed to the C57BL6 strain. The origin and characterization of the Gsto1-

/- mice has been previously described in detail286. Age-matched WT and Gsto1-/- mice were 

randomly assigned to photo-oxidative damage (PD) and dim-reared control (DR) groups (n=6 

per group). Animals in the PD group were continuously exposed to 100K lux white LED light 

for a period of 5 days, as described previously273, while DR mice were maintained in 12h light 

(5 lux)/dark cycle conditions.  

3.3.2. Measurement of retinal function using electroretinography: 

Full-field scotopic electroretinography (ERG) was performed to assess the retinal function 

of DR controls and animals after 5 days PD, as previously described273. Mice were dark-

adapted overnight before being anaesthetized with an intraperitoneal injection of Ketamine 

(100 mg/kg; Troy Laboratories, NSW, Australia) and Xylazil (10 mg/kg; Troy Laboratories, 

NSW, Australia). Both pupils were dilated with one drop each of 2.5% w/v phenylephrine 

hydrochloride and 1% w/v tropicamide (Bausch and Lomb, NY, USA). A single- or twin-flash 

paradigm was used to elicit a mixed response from rods and cones, and an isolated cone 

response, respectively. Flash stimuli for mixed responses were provided by an LED-based 

system (FS-250A Enhanced Ganzfeld, Photometric Solutions International, VIC, Australia), 

over a stimulus intensity range of 6.3 log cd s m−2 (range -4.4-1.9 log cd s m−2). Amplitudes of 



 79 

the a-wave and b-wave were analyzed using LabChart 8 software (AD Instruments, Dunedin, 

NZ) and data were expressed as the mean wave amplitude ± SEM (µV).  

3.3.3. Tissue collection and preparation: 

Animals were euthanized with CO2 following functional ERG analysis. The superior surface 

of the left eye from each animal was marked and enucleated, then immersed in 4% 

paraformaldehyde (PFA) for 3 hours. Eyes were then cryopreserved in 15% sucrose solution 

overnight, embedded in OCT medium (Tissue Tek, Sakura, JP) and cryosectioned at 12µm in 

a parasagittal plane (superior to inferior) using a CM 1850 Cryostat (Leica). To ensure accurate 

comparisons were made for histological analysis, only sections containing the optic nerve (ON) 

head were used for analysis. N=6 per experimental group. The retina from the right eye of each 

mouse used was excised through a corneal incision and placed into RNAlater solution (Thermo 

Fisher Scientific, MA, USA) at 4°C overnight and then stored at -80°C until further use (n=6 

per experimental group). Some retinas were collected into Cell Lytic M buffer (Sigma-Aldrich, 

MO, USA) containing 1% Protease Inhibitor Cocktail (Sigma-Aldrich) to extract whole cell 

protein lysates and then stored at -80°C until further use (n=6 per experimental group). 

3.3.4. Immunolabelling: 

Immunohistochemical analysis of retinal cryosections was performed as previously 

described59. Immunocytochemistry was performed on the dim and PD chamber slides of 661W 

cells using a protocol previously described331. Details of primary antibodies used are displayed 

in Table 3.1. Fluorescence was visualized and images obtained using a laser-scanning A1+ 

confocal microscope (Nikon, Tokyo, Japan). Images panels were analyzed using ImageJ (NIH, 

MD, USA) and assembled using Photoshop CS6 software (Adobe Systems, CA, USA). 
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For IBA-1 immunohistochemistry, the number of IBA-1+ cells (a marker of retinal 

microglia and macrophages) was counted across the superior and inferior retina in retinal 

cryosections. This quantification was performed on two retinal sections per mouse and 

averaged. Retinal cryosections were stained with the DNA-specific dye bisbenzimide 

(1:10000, Sigma-Aldrich) to visualize the cellular layers. The thickness of the outer nuclear 

layer (ONL) was determined by counting the number of rows of nuclei (photoreceptor cell 

bodies) in the area of retinal lesion development (1mm superior to the optic nerve head), to 

quantify photoreceptor survival. In addition, ONL thickness was calculated as the ratio of the 

thickness of the ONL to the whole retinal thickness (outer limiting membrane to the inner 

limiting membrane), to take into account any obliquely cut sections. The process of ONL 

photoreceptor cell row quantification was performed five times per retina, on two retinal 

sections at comparable locations per mouse, while the ONL thickness measurement from each 

retina is the average of two retinal sections at comparable locations (1mm superior to the optic 

nerve head). 

 

 Table 3.1: List of primary antibodies used for immunohistochemistry 

Antibody Dilution Company Catalogue number 
Rabbit anti IBA-1 1:500 Wako, Osaka, JP 019-19741 
Rabbit anti GSTO1-1 1:200 Kindly gifted by Prof. Philip Board  
Peanut agglutinin (PNA) 1:500 Abcam ab110262 
Mouse anti Rhodopsin 1:200 Merck Millipore MAB5356  

 

3.3.5. TUNEL staining and quantification: 

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labeling (TUNEL), was used 

as a measure of photoreceptor cell apoptosis. TUNEL in situ labelling was performed on retinal 

cryosections using a Tdt enzyme (Cat# 3333566001, Sigma-Aldrich) and biotinylated 

deoxyuridine triphosphate (dUTP) (Cat# 11093070910, Sigma-Aldrich) as previously 

described332. In each retinal section, the total number of TUNEL+ cells were counted along 
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both the superior and inferior retina. This process of quantification was performed on two 

retinal sections per animal, and was calculated as the average number of TUNEL+ cells per 

retinal section. Images of TUNEL staining were captured with the A1+ confocal microscope at 

10× magnification.  

3.3.6. 661W cell culture:  

Murine photoreceptor-derived 661W cells (kindly gifted by Dr. Muayyad R. Al-Ubaidi, 

Dept. of Cell Biology, University of Oklahoma Health Sciences Centre, Oklahoma City, OK, 

USA) within five passages of authentication were used for these experiments. Validation of 

authenticity was performed using gene expression of green cone pigments and cone arrestin. 

Cells were further validated for species authenticity (CellBank, Sydney, Australia). These cells 

were cultured as previously published33128, in growth medium containing Dulbecco's Modified 

Eagle Medium (DMEM; Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; 

Sigma-Aldrich), 6 mM L-glutamine (Thermo Fisher Scientific) and antibiotic-antimycotic 

(100U/ml penicillin, 100 µg/ml streptomycin; Thermo Fisher Scientific). Cells were 

maintained in dim conditions in a humidified atmosphere of 5% CO2 at 37°C, and passaged by 

trypsinization every 3–4 days.  

 

At passage two, 661W cells were split and seeded into two 24 well plates (at a density 

of 2.5 × 104 cells per well) and into two 8-well chamber slides (5000 cells per well) in growth 

medium, and were incubated overnight in dim conditions in a humidified atmosphere of 5% 

CO2 at 37°C. The following day, cells in the 24-well plate and 8-well chamber slides were 

incubated in reduced-serum DMEM (supplemented with 1% FBS, L-glutamine and antibiotic-

antimycotic) and after 24 hours were exposed to 15,000 lux light (2.2 mW/cm2; irradiance 

measured with PM100D optical power meter, THORLABS, NJ, USA) from two white 

fluorescent lamps (2 × 10W T4 tri-phosphor 6500K daylight fluorescent tubes; Crompton, 
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NSW, Australia), for 5 hours with 5% CO2 at 37 °C. For dim control cells, one plate and one 

chamber slide in the incubator were completely wrapped in aluminum foil to avoid light 

exposure. For air/gas exchange, six small incisions were cut on the aluminum foil. Following 

incubation, cells in both the dim and PD chamber slides were washed in PBS) before being 

fixed in 4% PFA for 2 hours at 4°C and then were maintained in PBS at 4°C until further use. 

Cells in each of the 24 wells were washed with PBS and were then triturated either in TRIzol 

(Thermo Fisher Scientific) and stored at -80°C until further use (n=6 per experimental group), 

or in placed into Cell Lytic M buffer (Sigma-Aldrich) containing 1% Protease 

Inhibitor Cocktail (Sigma-Aldrich) and then stored at -80°C until further use (n=6 per 

experimental group). 

3.3.7. Quantitative real-time polymerase chain reaction: 

Total RNA was extracted from the retinal and 661W cell samples as described previously56, 

using a combination of TRIzol (Thermo Fisher Scientific) and an RNAqueous Micro Total 

RNA Isolation kit (Thermo Fisher Scientific). The concentration and purity of each RNA 

sample was assessed using the ND-1000 spectrophotometer (Nanodrop Technologies, DE, 

USA).  

Following purification of RNA, cDNA was synthesized from 1µg of each RNA sample 

using a Tetro cDNA Synthesis Kit (Bioline, London, UK) according to the manufacturer's 

protocol.  Gene expression was measured using mouse specific TaqMan hydrolysis probes 

(Thermo Fisher Scientific), as shown in Table 3.2. The TaqMan probes, cDNA and TaqMan 

Gene Expression Master Mix (Thermo Fisher Scientific) were plated in a 384-well transparent 

plate. Each reaction was performed in technical duplicate and was carried out using a 

QuantStudio 12 K Flex RT-PCR machine (Thermo Fisher Scientific). Analysis was performed 

using the comparative Ct method (ΔΔCt). Results were analyzed as a percent change relative 
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to dim-reared control samples, and normalized to two reference genes, glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) and β-actin (Actβ).  

Table 3.2: TaqMan hydrolysis probes (Thermo Fisher Scientific) used for qRT-PCR. 

Gene symbols Gene name Catalogue number 
Actβ β-actin Mm01205647_m1 
Chac1 Glutathione Specific Gamma-Glutamylcyclotransferase 1 Mm00509926_m1 
C3 Complement component C3 Mn00437858_m1 
Ccl2 Chemokine (C-C motif) ligand 2 Mm99999056_m1 
Gapdh Glyceraldehyde-3-Phosphatase Dehydrogenase Mm01536933_m1 
Gpx3 Glutathione Peroxidase 3 Mm00492427_m1 
Gsto1 Glutathione-S-transferase Omega 1-1 Mm00599866_m1 
Hmox-1 Heme oxygenase 1 Mm01536933_m1 
Il-1β Interleukin-1β Mm00434228_m1 
Nox1 NADPH oxidase 1 Mm00549170_m1 
Nqo1 NAD(P)H dehydrogenase, quinone 1 Mm01253561_m1 
Nrf2 Nuclear factor, erythroid derived 2, like 2 Mm00477784_m1 
Sod2 Superoxide dismutase 2 Mm01313000_m1 

 

3.3.8. Western Blot: 

Western blot was used to measure the protein expression of GSTO1-1 in retinas from WT 

and Gsto1-/- mice. The blot was performed using whole retinal and 661W cell protein lysates 

according to previously described methods331. 20µg of denatured protein was loaded into a 4-

20% Mini-Protean TGX Precast Protein gel (Bio-Rad, CA, USA) followed by semi-dry transfer 

to a nitrocellulose membrane. To detect protein expression of GSTO1-1 in the retina, a 

GSTO1-1 primary antibody (1:200 - kindly gifted by Prof. Philip Board) was used along with 

a human GST-ubiquitin protein (1:100 - also gifted by Prof. Philip Board), as well as a 

secondary rabbit anti-HRP peroxidase conjugate for visualization (Bio-Rad). The protein was 

visualized with chemiluminescence using a Clarity Western ECL kit (Bio-Rad) and images 

were captured and analyzed using a Chemidoc MP with Image Lab software (Bio-Rad).  

3.3.9. Glutathione assay: 

A glutathione assay was conducted to compare the levels of reduced glutathione (GSH) 

and oxidized glutathione (GSSG) in order to determine the oxidative state of both DR and PD 
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WT and Gsto1-/- retinas. The assay was performed using whole retinal protein lysates and a De-

proteinising Sample Preparation Kit – TCA (ab204708; Abcam, Cambridge, UK) and a 

GSH/GSSG Ratio Detection Assay Kit (Fluorometric – Green, ab138881; Abcam), according 

to the manufacturer’s protocols. 

3.3.10. Statistical analysis: 

All graphing and statistical analysis was performed using Prism 6 (GraphPad Software, CA, 

USA). An unpaired Student t test, one-way ANOVA, or two-way ANOVA with Tukey’s 

multiple comparison post-test were utilised to determine the statistical outcome; a P value of 

<0.05 was considered statistically significant. 
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3.4. Results: 
3.4.1. In vivo and in vitro expression and localisation of GSTO1-1 in the retina. 

To determine the expression pattern and localisation of Gsto1 in the retina across degeneration, 

western blot, qRT-PCR and immunohistochemical labelling were performed on protein and 

RNA lysates and retinal cryosections from WT and Gsto1-/- mice. GSTO1-1 protein, and Gsto1 

gene expression were absent from Gsto1-/- mice retinas (Figure 3.1). In WT animals, GSTO1-

1 was detected at 28kDa by Western blot, but was not found present in Gsto1-/- retinas (Figure 

3.1A). Quantification of gene expression levels by qRT-PCR confirmed an absence of Gsto1 

gene expression in Gsto1-/- dim reared retinas (DR) and in Gsto1-/- retinas subjected to 5 days 

photo-oxidative damage (PD) (P<0.05, Figure 3.1B). This data indicates a complete functional 

knock out of GSTO1-1 in the Gsto1-/- mouse retina. There was no change in GSTO1-1 protein 

or gene expression between WT PD mice and WT DR controls (P>0.05, Figures 3.1 A and B). 

Localization of GSTO1-1 in the WT retina by immunohistochemistry indicated that GSTO1-1 

was strongly expressed in retinal cone photoreceptors (GSTO1-1 and PNA co-labelling; Figure 

3.1D, inlet window), but not rod photoreceptors (no co-labelling with Rhodopsin; Figure 3.1K 

inlet window) and was seen specifically within the inner segment of cones, highly expressed 

along the superior retina, and weakly in these cells along the inferior retina (Figure 3.1C-J). In 

Gsto1-/- mice, cone inner segments were weakly labelled with GSTO1-1 antibodies in DR and 

PD animals (Figure 3.1F and J). GSTO1-1 immunoreactivity was also detected in inner nuclear 

layer (INL) cells in DR and PD WT retinas, which we tentatively identify as amacrine cells 

(Figure 3.1C, D, G and H). This labelling pattern was not observed in either DR or PD Gsto1-

/- retinas (Figure 3.1E, F, I and J). In vitro studies using 661W mouse photoreceptor-like cell 

line also were conducted to verify in vivo expression pattern. Results showed increased Gsto1 

levels following 5 hours PD by qRT-PCR (Figure 1M) and immunocytochemistry (Figure 

3.1N). Gene expression of oxidative stress markers heme oxygenase-1 (Hmox1), nuclear factor, 

erythroid derived 2, like 2 (Nrf2) and NAD(P)H quinone dehydrogenase 1 (Nqo1), also 
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increased in 661W cells after 5 hours PD (Figure 3.1M). Taken together these results indicate 

that GSTO1-1 is expressed largely in cone photoreceptor cells, and may increase in expression 

concomitantly with increased oxidative stress following PD. 
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Figure 3.1: Localisation and expression of GSTO1-1 in the retina and in 661W cells; 
before (dim-reared, DR) and after photo-oxidative damage (PD). 

A GSTO1-1 expression was detected via western blot, producing a 28kDa band in WT but not 

Gsto1-/- retinas. No change was seen in GSTO1-1 protein expression in WT mice following 

PD. B Gsto1 gene expression was significantly reduced in both the DR and PD Gsto1-/- mice 

compared to their respective controls (N=6, P<0.05) while no change was seen in Gsto1 gene 

expression in WT PD mice. C-J Representative images of GSTO1-1 immunolabelling showed 

GSTO1-1 (green) to be highly expressed on the inner segments of cone (PNA, red) 

photoreceptors (outlined arrows), on the superior retina (SR) and weakly in the inferior retina 

(IR) in WT DR (D) and WT PD (H) mice. GSTO1-1 was also found to be weakly expressed in 

the same locations in Gsto1-/- DR (F) and Gsto1-/- PD (J) mice. GSTO1-1 was also expressed 

in the INL (filled arrows) on the SR as well as IR in WT DR (C and D) and PD (G and H) 

mice. K GSTO1-1 did not co-localise with rod photoreceptors (no co-labelling with Rhodopsin, 

red). L Negative control. M Gsto1 expression was significantly increased following 5 hours 

PD compared to Dim conditions (P<0.05) in 661W cells. An increase in Nrf2, Nqo1 and 

Hmox1, markers of oxidative stress, were also seen to significantly increase in 661W cells 

following 5 hours PD compared to dim controls (N =6, P<0.05) (K). N GSTO1-1 (green) was 

found in all 661W cells in both dim and PD conditions. INL, inner nuclear layer; IR, inferior 

retina, SR, superior retina. N=6, results were analyzed with one-way ANOVA followed by 

Tukey’s multiple comparison post-test. Asterisks denote a significant change where P<0.05. 

Scale bar = 25 µm (C-L) and 10µm (N).  
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3.4.2. Changes in oxidative stress in Gsto1-/- retinas following photo-oxidative 
damage. 

To investigate the effect of GSTO1-1 deficiency on oxidative stress production in the retina, 

the gene expression changes of oxidative stress markers Hmox-1, Gpx3, Nox1, Sod2, Nrf2 and 

Nqo1 (Figure 3.2 A-F) and Glutathione Specific Gamma-Glutamylcyclotransferase 1 (Chac1), 

a glutathione degradation enzyme (Figure 3.2 G), as well as the total reactive oxygen 

species/reactive nitrogen species (ROS/RNS) levels were measured in WT and Gsto1-/- mice, 

before (DR) and after PD (Figure 3.2 H). A significant increase in the gene expression of Nrf2 

(P<0.05, Figure 3.2E) and Nqo1 (P<0.05, Figure 3.2F) as well as in the total ROS/RNS levels 

were detected in WT PD retinas compared to WT DR (P<0.05, Figure 3.2 H). Chac1 expression 

was also found to decrease between both WT DR and Gsto1-/- DR mice and between WT DR 

and WT PD mice (P<0.05, Figure 3.2 G). While there was a significant increase in the gene 

expression of oxidative stress markers, Hmox-1 (P<0.05, Figure 3.2 A), Gpx3 (P<0.05, Figure 

3.2 B), Nrf2 (P<0.05, Figure 3.2 E) and Nqo1 (P<0.05, Figure 3.2 F), following PD in Gsto1-/- 

mice compared to Gsto1-/- DR controls, a significant decrease was seen in the gene expression 

of Nqo1 (P<0.05, Figure 3.2 F) as well as in the total ROS/RNS levels in Gsto1-/- PD retinas 

compared to WT PD retinas (P<0.05, Figure 3.2 H). This result overall indicates a reduced 

oxidative state in GSTO1-1 deficient mice following PD. 
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Figure 3.2: Changes in oxidative stress gene and protein expression in Gsto1-/- retinas 
compared to WT in both DR and following 5 days photo-oxidative (PD) damage. 

A-G A significant increase in gene expression was seen in the expression of Hmox-1 (A) and 

Gpx3 (B) between Gsto1-/- DR and Gsto1-/- PD mice (P<0.05), and a significant decrease was 

found in the expression of Gpx3 between WT DR and Gsto1-/- DR mice (B) (P<0.05). No 

statistical differences were shown between any other groups for these genes, nor between any 

group for the expression of genes Nox1 (C) or Sod2 (D) (P>0.05). A significant increase was 

found in the expression of Nrf2 (E) between WT DR and WT PD mice (P<0.05), and between 

Gsto1-/- DR and Gsto1-/- PD mice (P<0.05), however there was no difference seen in expression 

of Nrf2 between WT PD and Gsto1-/- PD mice (P>0.05). (F) Nqo1 gene expression was 

significantly downregulated in both DR and PD Gsto1-/- mice compared to respective controls 

(P<0.05). (G) Gene expression changes of Glutathione Specific Gamma-

Glutamylcyclotransferase 1 (Chac1), which degrades glutathione, showed a significant 

decrease in expression between WT DR and Gsto1-/- DR mice (P<0.05), and between WT DR 

and WT PD mice (P<0.05). No significant change however was seen in Chac1 expression 

between Gsto1-/- DR and Gsto1-/- PD mice (P>0.05). H The total levels of ROS/RNS were 

measured in the retinas with results showing a significant increase in the total ROS/RNS levels 

between WT DR and WT PD retinas (P<0.05), as well as a significant decrease between WT 

PD and Gsto1-/- PD retinas (P<0.05). N=5, results were analyzed with one-way ANOVA 

followed by Tukey’s multiple comparison post-test. Asterisks denote a significant change 

where P<0.05. 
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3.4.3. GSTO1-1 deficiency reduces inflammation and activated 
microglia/macrophage accumulation in the retina following photo-oxidative 
damage. 

Along with increasing the oxidative state of the retina in degeneration, the role of Gsto1 in 

mediating retinal inflammation was assessed using IBA-1 immunohistochemistry as a marker 

of retinal microglia/macrophages, and qRT-PCR for inflammatory gene expression. The 

number of microglia/macrophages accumulating in the outer retina (photoreceptor layer and 

subretinal space) of WT and Gsto1-/- mice was determined using IBA-1 immunoreactivity 

following PD. There was a significant increase in the total number of outer retinal IBA-1+ cells 

following PD in both WT and Gsto1-/- retinas compared to respective DR controls (P<0.05, 

Figure 3.3 A). No significant difference in outer retinal IBA-1+ cell counts was observed 

between WT and Gsto1-/- PD groups (P>0.05, Figure 3.3 A). However, analysis of IBA-1+ cell 

morphology (ramified vs amoeboid) indicated a significantly reduced number of amoeboid 

cells in the outer retina of Gsto1-/- PD retinas compared to WT PD retinas (P<0.05, Figure 3.3 

B). To investigate the effect of GSTO1-1 deficiency on key inflammatory markers known to 

be upregulated in the PD model18,68,71, inflammatory gene expression was investigated using 

qRT-PCR. Results showed a significant downregulation in the expression of Ccl2 (P<0.05, 

Figure 3.3 G), Il-1β (P<0.05, Figure 3.3 H) and C3 (P<0.05, Figure 3.3 I) in Gsto1-/- PD retinas 

compared to WT PD retinas. While there was a statistically significant increase in the 

expression of all three inflammatory genes between WT DR and WT PD groups (P<0.05, 

Figure 3.3 G-I), there was only a statistically significant upregulation of C3 between Gsto1-/- 

DR and Gsto1-/- PD mice (P<0.05, Figure 3.3). No statistical difference in Ccl2 or Il-1β 

expression between Gsto1-/- DR and Gsto1-/- PD (P>0.05, Figure 3.3 G-H) was observed. 

Overall, these data indicate that Gsto1-/- deficiency reduces inflammation and activated 

microglia/macrophage accumulation in PD suggesting Gsto1 may play a role in mediating 

inflammation in retinal degeneration pathogenesis.  
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Figure 3.3: The effect of Gsto1-/- on inflammation and the accumulation of 
microglia/macrophages in the retina following 5 days photo-oxidative damage (PD). 

A Following PD, a significant increase in the total number of IBA-1+ microglia/macrophages 

were seen in the outer retina (ONL and subretinal space) in both WT PD and Gsto1-/- PD mice 

compared to their respective controls (P<0.05). No difference in the total number of IBA-1+ 

cells was seen between WT DR and Gsto1-/- DR mice or between WT PD and Gsto1-/- PD mice. 

B A significant increase in the ratio of amoeboid (activated): ramified (resting) macrophages 

in WT PD compared to Gsto1-/- PD retinas (P<0.05). C-F Representative images showing IBA-

1+ labelling (green) in the outer retina. Thin ramified processes of IBA-1+ 

microglia/macrophages (filled arrows) can be seen projecting into the ONL in WT DR (C) and 

Gsto1-/- DR (D) retinas, with larger and more numerous ramified processes seen in Gsto1-/- PD 

(F) retinas. In comparison, in WT PD (E) retinas, numerous rounded (amoeboid) IBA-1+ cells 

can be seen in the ONL and sub retinal space (outlined arrows). G-I Inflammatory markers 

were quantified by qRT-PCR in whole retinas. Ccl2 (G), Il-1β (H) and C3 (I) expression 

significantly increased in WT PD mice compared to WT DR mice (P<0.05), and was 

significantly reduced in Gsto1-/- PD mice compared to WT PD mice (P<0.05). In addition, C3 

expression increased significantly in Gsto1-/- PD mice compared to Gsto1-/- DR mice (P<0.05), 

however there was no difference in the expression of Ccl2 or Il-1β between these groups 

(P>0.05). N=6, results were analyzed with either an unpaired students t test, or one-way 

ANOVA followed by Tukey’s multiple comparison post-test. Asterisks denote a significant 

change where P<0.05. Scale bar = 20µm. 
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3.4.4.  Retinal function is increased and cell death decreased in Gsto1-/- retinas 
following photo-oxidative damage. 

To determine the consequence of Gsto1-induced oxidative stress and inflammation in the 

retina, cell death and functional measures were performed using a TUNEL assay and ERG 

respectively. The level of photoreceptor cell death was measured and compared in the retinas 

of WT and Gsto1-/- mice using a TUNEL assay. Following PD, analyses showed that there was 

a significantly decreased number of TUNEL+ photoreceptors (P<0.05, Figure 3.4 A) and a 

significantly increased number of photoreceptor cell rows (P<0.05, Figure 3.4 B) in Gsto1-/- 

mice compared to WT mice. This change in photoreceptor cell survivability was also reflected 

using electroretinography (ERG), which demonstrated that WT PD mice have significantly 

reduced retinal function for both a-wave (P<0.05, Figure 3.4 I) and b-wave (P<0.05, Figure 3.4 

J) compared to Gsto1-/-  PD  mice. No statistical difference (P>0.05) in the number of TUNEL+ 

photoreceptor cells (Figure 3.4 A), photoreceptor cell rows (Figure 3.4 B) or ERG function 

(Figure 3.4 G and H) was observed between WT DR and Gsto1-/- DR mice. Taken together 

these results suggest that Gsto1-induced oxidative stress and inflammation results in increased 

photoreceptor cell death, and consequent loss of retinal function.  
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Figure 3.4: The effect of Gsto1-/- on retinal function and cell death in the retina following 
5 days photo-oxidative damage. 

A The total number of TUNEL+ cells in the ONL was significantly increased in both the WT 

PD and Gsto1-/- PD retinas compared to their respective WT DR and Gsto1-/- controls (P<0.05). 

In addition, the total number of TUNEL+ cells were significantly reduced in the retinas of 

Gsto1-/- PD retinas compared to WT PD retinas (P<0.05). B. A significantly reduced number 

of photoreceptor cell rows were seen in WT DR and Gsto1-/- DR and their respective WT PD 

and Gsto1-/- PD controls. There was a significant increase in photoreceptor cell nuclei 

survivability in Gsto1-/- PD compared to WT PD retina (P<0.05). C-F Representative images 

show the immunolabelling of TUNEL+ cells (red) in the ONL as well as the ONL thickness 

(white line). TUNEL+ cells (filled arrows) can be seen in both the WT DR (C) and Gsto1-/- DR 

(D) retina, while there are significantly more TUNEL+ cells in the WT PD (E) retina, and only 

a slight increase in TUNEL+ cells in the Gsto1-/- PD (F) retina compared to DR controls. G-J 

Retinal function was measured before (DR) and after 5 days PD using ERG. There was no 

statistical difference observed in either the a-wave (G) or b-wave (H) between WT DR and 

Gsto1-/- DR mice (P<0.05). Following PD, there was a small but significant improvement in 

both the a-wave (I) and b-wave (J) function between Gsto1-/- PD and WT PD mice (P<0.05). 

N=5-10, results were analyzed with one-way ANOVA followed by Tukey’s multiple 

comparison post-test or a two-way ANOVA for ERG analysis. Asterisks denote a significant 

change where P<0.05. Scale bar = 20µm. 
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3.4.5.  GSTO1-1 increases total glutathione levels in the retina following photo-
oxidative damage. 

As glutathione exists in both an antioxidant reduced (GSH) state and an oxidized (GSSG) 

state, the ratio of GSH:GSSG in the retina can be used as a measure of cell health as high levels 

of GSSG accumulate during increased oxidative stress. A glutathione assay was used to 

determine what effect GSTO1-1 had on the GSH:GSSG ratio in the retina before and after PD. 

There was a statistically significant increase in GSH (P<0.05, Figure 3.5 A), GSSG (P<0.05, 

Figure 3.5 B) and total glutathione (GSH+GSSG) levels (P<0.05, Figure 3.5 C) in WT PD 

retinas compared to WT DR retinas. Levels of GSH were also found to be significantly reduced 

in Gsto1-/- PD mice compared to WT PD mice (P<0.05, Figure 3.5 A), however while there 

was a reduction in the levels of GSSG and total glutathione in Gsto1-/- PD mice, it was not 

statistically significant (P>0.05, Figure 3.5 A-D) from either control levels or WT PD at 5 days. 

In addition, there was no statistical difference in the ratio of GSH:GSSG between any of the 

groups (P>0.05, Figure 3.5 D). There was also no statistical difference in the levels of 

GSH,GSSG, total glutathione or GSH:GSSG ratio between WT DR and Gsto1-/- DR mice 

(P>0.05, Figure 3.5 A-D). This result demonstrates that while there were reductions in the 

levels of reduced and oxidized forms of glutathione (GSH and GSSG respectively) the overall 

ratio of GSH:GSSG (an indicator of redox status) remained unchanged between WT and Gsto1-

/- mice. 
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Figure 3.5: The effect of GSTO1-1 on glutathione levels in the retina following photo-
oxidative damage. 

A-D The levels of GSH (A), GSSG (B) and total glutathione (GSH+GSSG) (C) were shown 

to be increased in WT PD mice compared to WT DR mice (P<0.05). In addition, there was a 

significant decrease in the levels of GSH between WT PD and Gsto1-/- PD mice (A) (P<0.05). 

While there was a large reduction in the levels of GSSG (B) and total glutathione (C) between 

WT PD and Gsto1-/- PD mice, it was not statistically significant (P>0.05). In addition, there 

was no statistical difference in the ratio of GSH:GSSG between any of the groups (D) (P>0.05). 

N=5, results were analyzed by unpaired students t-test. Asterisks denote a significant change 

where P<0.05.  
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3.5. Discussion: 
This is the first study to determine a possible role of GSTO1-1 in mediating retinal 

inflammation, which can contribute to the pathogenesis of retinal degenerations. Firstly, our 

data shows that GSTO1-1 is present in the mouse retina, localized to the inner segment of cone 

photoreceptors, and is maximally expressed in the region of the retina most susceptible to 

oxidative stress, the central superior retina.  Secondly, PD Gsto1-/- mice had lower levels of 

markers of oxidative stress, a reduction in photoreceptor cell death and improved retinal 

function compared to PD WT controls. Thirdly, following PD induced oxidative stress, Gsto1-

/- mice had a reduced inflammatory response, accompanied by a decrease in activated 

microglia/macrophage accumulation in the outer retina compared to WT controls. Lastly, our 

results indicate that while there were changes in the levels of reduced and oxidized forms of 

glutathione (GSH and GSSG respectively) in PD WT compared to DR WT and Gsto1-/- retinas, 

the overall ratio of GSH:GSSG (an indicator of redox status) remains unchanged between all 

experimental groups. Overall, this data indicates a role for GSTO1-1 in the progression of 

retinal degenerations and indicates that GSTO1-1 may be a potential target for the treatment of 

retinal degenerations where oxidative stress and inflammation are key features of disease 

progression. 

3.5.1. The role of GSTO1-1 in the normal retina. 

Mice deficient in GSTO1-1 have been previously shown to be phenotypically normal, however 

display reduced monocyte and eosinophils counts compared to controls286. We observed no 

difference in retinal structure, number of photoreceptors, macrophage recruitment, retinal 

function or oxidative stress gene expression in Gsto1-/- mice, with the exception of reduced 

levels of antioxidant enzymes Gpx3 and Nqo1. Reduced levels of Gpx3, and Nqo1 suggest that 

GSTO1-1 deficiency decreases oxidative stress under normal conditions in the retina, 

consistent with previous findings from models of obesity286. Glutathionylation and 
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deglutathionylation of proteins by GSTO1-1 has been well documented in many other 

tissues316,333-335. Despite this we saw no change in GSH, GSSG or total glutathione levels 

between Gsto1-/- and WT control retinas indicating a novel role of GSTO1-1 in the normal and 

degenerating retina. Given the cone photoreceptor specific labelling demonstrated in this paper, 

we suggest that GSTO1-1 may act at the interface of oxidative stress and inflammatory 

pathways and may therefore contribute to photoreceptor cell death following light-induced 

photo-oxidative damage. This potential role will be the focus of the remainder of the 

discussion. 

3.5.2. GSTO1-1 is primarily localized to the inner segment of cone 
photoreceptors. 

In rodents, the central superior retina (1-3mm from the optic nerve) is known to be highly 

susceptible to photo-oxidative damage-induced focal photoreceptor cell death273,281,336, in a 

region functionally comparable to the human macula, known as the area centralis337. GSTO1-

1 appeared to be most highly expressed in this area, specifically localized to the inner segments 

of the cones, with photoreceptor inner segments known to be rich in mitochondria to 

accommodate their high rates of metabolism and energy usage338 and in endoplasmic reticulum 

(ER), where calcium homeostasis is maintained339, and post-translational modification of 

proteins occurs, including glutathionylation. Although weak GSTO1-1 labelling was also seen 

in the retina of Gsto1-/- mice, likely antibody-binding to another compensatory GST, no 

expression was detected in western blot analysis or qRT-PCR of Gsto1-/- retinas.  

 

In drosophila, GSTO1-1 is involved in regulating mitochondrial ATP synthase activity 

and modulating oxidative stress and has been suggested as a contributor to the 

neurodegeneration in Parkinson’s disease315. Photoreceptors have the highest levels of ROS 

production in the retina105,329, a large source of which comes from mitochondria in the 
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photoreceptor inner segments340,341. In a healthy state, ROS including free radicals, superoxide 

anion, singlet oxygen and hydrogen peroxide, are quenched by cellular defence mechanisms, 

for example, by antioxidants such as glutathione (GSH)105. However, an accumulation of ROS 

can overburden the antioxidant capabilities of the cell, leading to cell death117. It has also been 

reported that ER can respond to oxidative stress in the retina, with previous studies showing 

that in both photo-oxidative damaged retinas and 661W cells, intracellular Ca2+ levels 

increased in the ER, producing ROS and ultimately leading to ER stress and photoreceptor cell 

death342,343. GSTO1-1 has been shown to play a role in modulating the activity of the ER 

calcium release channel, ryanodine receptor (RyR)333,344, and could potentially play a similar 

role in retinal cone cells during oxidative stress. Although not investigated further in this study, 

the underlying mechanism of interactions with these cellular organs is likely to explain the 

reduced oxidative stress response seen in the GSTO1-1 deficient mice. As it is known that 

cones are very susceptible to oxidative damage over time345, the suggested cellular location of 

GSTO1-1 combined with the known role of GSTO1-1 as a modulator of oxidative stress, 

indicates a potential role of GSTO1-1 in modulating oxidative stress in the retina. 

 

In addition to cone labelling, GSTO1-1 expression was also seen in a large, rounded cell 

type in the inner nuclear layer (INL) in both the superior and inferior sides of the retina of WT 

mice, possibly amacrine cells. Further experiments are necessary to verify this labelling 

pattern, and to determine the potential role of GSTO1-1 in these cells, however is not the focus 

of this study. Nevertheless, given the specificity of GSTO1-1 labelling in the cone 

photoreceptors, GSTO1-1 could be playing a role in modulating the effects of oxidative stress 

in these cells of the INL as well. 
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3.5.3. Oxidative stress and photoreceptor cell death is promoted by GSTO1-1 in 
retinal degenerations. 

  We report that the gene expression of Gsto1-1 and oxidative stress markers Hmox1, 

Nrf2 and Nqo1 concurrently increase in 661W photoreceptor-like cells, following PD. HMOX1 

is an integral membrane protein in the ER and is a key regulator of inflammatory processes346, 

which is known to be induced by high levels of oxidative stress346. Although there was no 

significant difference seen in the expression of Hmox1 in WT retinas compared to Gsto1-/- 

retinas following PD, photoreceptor-specific changes may be masked by whole retinal 

changes347,348. Recent results from Menon et al., 2017, showed that expression levels of Nqo1, 

an antioxidant enzyme target of the NRF2 pathway were found to be significantly lower in 

liver lysates from Gsto1-/- mice286, indicating a reduced oxidative state in these Gsto1-/- mice 

compared to controls. The present study confirms these findings, with significantly lower levels 

of Nqo1 found in DR and PD Gsto1-/- mice compared to their respective WT controls. As 

GSTO1-1 is a downstream target of NRF2, the expression of Nrf2 was not expected to change 

in the Gsto1-/- mice compared to WT and may be expressed at higher levels in an attempt to 

compensate for the lack of downstream GSTO1-1 in the deficient mice349. While no differences 

were noted in the expression of oxidative stress genes Nox1, Sod2 and Gpx3 between WT PD 

and Gsto1-/- PD retinas, a large reduction in total ROS/RNS was detected in the Gsto1-/- PD 

mice compared to PD controls, indicating that GSTO1-1 may instead act at the protein level 

inducing the production of ROS and RNS, potentially through the activation of TLR signaling 

and NFĸB pathways321. 

 

Glutathione is an intracellular antioxidant and is considered to be one of the most important 

ROS scavengers113. In normal healthy cells, around 90% of glutathione is in its reduced form, 

GSH350, however, following oxidative stress, GSSG (oxidized form) accumulates and the ratio 

of GSH:GSSG becomes an important indicator of oxidative stress in tissues. However, in this 
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study, the individual levels of GSH and GSSG were both equally higher in WT PD compared 

to Gsto1-/- PD mice, which resulted in no significant difference in the GSH:GSSG ratio between 

these groups indicating no relative change in redox status.  

 

The increase seen in GSH and GSSG levels in WT PD mice is supported by the gene expression 

analysis Chac1, an enzyme involved in the cleavage and degradation of glutathione which 

when over-activated causes glutathione depletion and apoptosis351. Results demonstrated that 

there was a significant reduction in Chac1 expression in Gsto1-/- DR mice compared to WT 

DR mice, with expression remaining equally low to Gsto1-/- DR controls following PD 

suggesting that the levels of glutathione degradation in the group was a consequence of 

GSTO1-1 deficiency and not PD. In contrast however, Chac1 was found to be significantly 

reduced in WT PD mice compared to WT DR controls, indicating that there is a reduction in 

the degradation of glutathione in these mice potentially to combat increased levels of 

ROS/RNS seen following PD. Despite no changes in the redox state of each of the experimental 

groups, we postulate that the increased levels of GSH and GSSG seen in the WT PD mice are 

due to an increased oxidative state as supported by data in this study. It remains unclear if the 

detrimental effects of GSTO1-1 on the retina following PD are occurring through the 

glutathionylation cycle, or perhaps if GSTO1-1 is modulating the glutathionylation of a 

specific protein rather than the overall redox potential as previously described286,321. 

3.5.4. GSTO1-1 mediates an inflammatory response in retinal degenerations.  

It has been well characterized in photo-oxidative retinal degeneration that an increase in 

oxidative stress and photoreceptor cell death leads to the release of pro-inflammatory 

cytokines, macrophage accumulation and complement deposition18,68,70,71,352. Release of pro-

inflammatory cytokines (including IL-1β and CCL2) and complement production (including 

C3) are characteristic features of many retinal degenerations1,18,68,70,73,86,94,128,353. Modulation 
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of GSTO1-1 has been demonstrated to lead to the post translational modification and 

subsequent activation of IL-1β286,354, a fundamental component in the early inflammatory 

response of many neurodegenerative diseases. Our results demonstrate that following PD, 

Gsto1-/- retinas showed reduced levels of Il-1β, Ccl2 and C3 compared to WT controls. CCL2 

is a potent chemokine known to recruit macrophages to areas of retinal damage56,68. We 

observed that Gsto1-/- microglia/macrophages were less amoeboid with processes, but not cell 

bodies, extending into the ONL, indicating a reduced activation state compared to WT 

microglia/macrophages. Upon recruitment to the outer retina, activated microglia and 

macrophages are known to produce IL-1β and C3, which ultimately exacerbates photoreceptor 

cell death18. Therefore, the reduction in expression of these inflammatory markers in the Gsto1-

/- microglia/macrophages also indicates a reduced inflammatory state. In addition, as high levels 

of Chac1 are known to initiate apoptosis via GSH depletion, a significant reduction in this gene 

suggests a lower apoptotic state in GSTO1-1 deficient mice. This hypothesis is supported by 

results from this study demonstrating that Gsto1-/- mice had reduced photoreceptor cell death 

following PD. While a significantly higher level of TUNEL+ cells were shown in WT PD mice 

compared to both controls and Gsto1-/- PD mice, a correlative increase in Chac1 expression 

was not found. It is possible that as gene expression was only investigated at one time point (5 

days PD), levels of Chac1 expression may have been significantly increased compared to DR 

controls prior to this time point, possibly during initial photoreceptor cell death, and requires 

further investigation. 

 

One of the most characterized functions of GSTO1-1 is its activity as a thioltransferase 

enzyme, with reported roles in both glutathionylation, to protect proteins against oxidative 

damage and inactivation318, as well as deglutathionylation of proteins in different tissues and 

diseases316,319-325,334,335. Although the precise signaling mechanisms that GSTO1-1 is acting 
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through in our model to promote photoreceptor cell death are unknown, it has been recently 

reported that GSTO1-1 may act through the TLR4 pathway in LPS-stimulated macrophages 

via the glutathionylation of the MyD88 adaptor-like (MAL) protein335, to induce ROS 

production and pro-inflammatory cytokine release286,321,324,335. The study by Menon et al., 

2015, showed a decrease in the production of ROS, IL-1β, and HIF-1a (responsible for 

maintaining activated macrophages in an inflammatory state), in GSTO1-1-deficient 

macrophages, and highlighted the essential role of GSTO1-1 in LPS/TLR4-mediated 

inflammatory cascades324. Although we did not detect GSTO1-1 protein expression in 

microglia/macrophages in the current study, it has been reported that TLR4 is present on both 

retinal photoreceptors and 661W cells355,356. It is therefore possible that GSTO1-1 is mediating 

inflammatory cascades via this pathway, promoting the recruitment of macrophages to the 

damaged photoreceptors and consequently inducing photoreceptor cell death. This concept is 

supported by the reduced levels of ROS, inflammation and photoreceptor cell death seen in 

Gsto1-/- mice following PD and indicates that targeting GSTO1-1 may be beneficial in slowing 

the progression of retinal degenerations and warrants further investigations via the use of a 

GSTO1-1 agonist delivered to the retina. 

 

3.6. Conclusions:    
This study describes a damaging role for GSTO1-1 in retinal degenerations, through the 

promotion of oxidative stress and inflammation, leading to photoreceptor cell death, with mice 

deficient in GSTO1-1 showing a reduction in the damaging levels of oxidative stress and 

inflammation that is central the progression of retinal degenerations. While further research 

into the possible mechanisms by which GSTO1-1 acts in the retina is necessary, this study 

highlights that GSTO1-1 may be a possible therapeutic avenue for slowing the progression of 

retinal degenerations.   
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4. Results 
 
Caspase-1-dependent inflammasomes mediate photoreceptor cell death in photo-
oxidative damage-induced retinal degeneration. 

This chapter is presented as the following publication (* denotes first author):  

Wooff, Y*., Fernando, N., Wong, J.H., Dietrich, C., Aggio-Bruce, R., Chu-Tan, J.A., Robertson, A.A., Doyle, 
S.L., Man, S.M. and Natoli, R., 2020. Caspase-1-dependent inflammasomes mediate photoreceptor cell death in 
photo-oxidative damage-induced retinal degeneration. Scientific reports, 10(1), pp.1-20. 
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4.1. Abstract:  
 

Purpose: The inflammasome is a key innate immune pathway that has been implicated in the 

progression of retinal degenerations such as Age-Related Macular Degeneration (AMD). 

However, evidence implicating the most widely studied inflammasome receptor protein, 

NLRP3, are inconclusive. This study aimed to investigate, in vivo, the role of key components 

of the NLRP3 inflammasome including NLRP3, adaptor protein ASC and protease Caspase 1, 

in central photoreceptor degeneration using photo-oxidative damage. Methods: Adult 

C57BL/6J, Nlrp3-/-, Asc-/-, Casp11-/- and Casp1/11-/- mice, as well as NLRP3 inhibitors (siRNA 

and MCC950) were used in this study. The expression of inflammasome components (Nlrp3, 

Asc, Casp1, Il-1β and IL-18) was investigated over a protracted time-course of photo-oxidative 

damage (PD) in mice. The expression and localization of NLRP3, CASP1 and IL-1β was 

compared using western blot and immunohistochemistry. Retinas were analysed for function 

(electroretinography), photoreceptor loss (Optical Coherence Tomography, TUNEL and 

photoreceptor row counts), and inflammation (IBA-1 immunohistochemistry for 

microglia/macrophages, and IL-1β ELISA). Results: We identified that Casp1/11-/- mice have 

better-preserved retinal function, reduced inflammation and increased photoreceptor 

survivability. While Nlrp3-/- mice display some level of preservation of retinal function 

compared to controls, pharmacological inhibition of NLRP3 did not protect against 

photoreceptor cell death. Further, Aim2-/-, Nlrc4-/-, Asc-/-, and Casp11-/- mice show no 

substantial retinal protection. Conclusions: We propose that CASP-1-associated photoreceptor 

cell death occurs largely independently of NLRP3 and other established inflammasome sensor 

proteins, or that inhibition of a single sensor is not sufficient to repress the inflammatory 

cascade. Therapeutic targeting of CASP-1 may offer a more promising avenue to delay the 

progression of retinal degenerations. 
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4.2. Introduction: 
 

Age-Related Macular Degeneration (AMD) is a chronic inflammatory disease that is 

characterised by central vision loss due to retinal pigmented epithelium (RPE) and 

photoreceptor cell death in the macular region of the retina1,13. While environmental, lifestyle 

and genetic risk factors are well established3,13,357, it is increasingly clear that central to disease 

progression is the accumulation of oxidative stress21, and inflammation22.  

 

A central component of inflammation is the inflammasome, multi-protein oligomers which 

form part of the innate immune system, acting in the first line of defence, sensing pathogen-

derived or danger signals from pathogen invasion, or cellular stress signals including 

extracellular ATP or host dsDNA1,7,8,358. Inflammasomes are composed of a pattern recognition 

receptor (PRR) sensor protein, including NACHT, LRR and PYD domains-containing protein 

1 (NLRP1), NLRP3, NAIP-NLRC4, Absent in Melanoma 2 (AIM2), and Pyrin. Following 

activation, these sensor proteins form a complex with the adaptor protein Apoptosis-associated 

speck-like protein containing a CARD (ASC, or PYCARD) and protease enzyme Caspase-1 

(CASP-1)131,132. Activated CASP-1 in turn, cleaves and activates pro-inflammatory cytokines 

including interleukin-1β (IL-1β), large amounts of which are known to cause microglial 

activation and macrophage recruitment from the periphery, and ultimately photoreceptor cell 

death, characteristic features of AMD pathogenesis3,8,12,18,60,147,148. Inhibition of IL-1β has been 

shown to reduce inflammation and further cell death18, highlighting the key role of the 

inflammasome in the progression of retinal degenerative diseases such as AMD. 

 

The most widely studied inflammasome receptor protein, NLRP3, has been postulated to 

contribute to the progression of AMD11,15-17,65,124,141. NLRP3 can be activated by a large variety 

of stimuli, many of which are known to be upregulated in AMD pathogenesis, such as 
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mitochondrial reactive oxygen species generation143, potassium efflux359, and ATP. In 

addition, NLRP3 can be activated by stimuli implicated in disease progression including 

complement components C1q124, C3a, and membrane attack complex16,150, or lipofuscin 

component bisretinoid A2E and amyloid beta (aβ)  both of which have been isolated in drusen 

deposits of patients with AMD125-127. For these reasons NLRP3 could be a prime candidate for 

propagating inflammation in AMD, however, extensive research into the role of NLRP3 to date 

has not shown a definitive role for this inflammasome in disease development16,157.  

 

Several studies have been conducted to investigate if and how NLRP3 may be activated in 

AMD disease progression124-127,151-156. However, to date studies using animal models have been 

focused on wet-AMD124, while those which investigate the role of NLRP3 in dry-AMD 

pathogenesis have been largely cell culture-based and focused on the RPE11,17,124-126,151,152. 

Although they demonstrate that the NLRP3 inflammasome can be activated in RPE by various 

stimulations such as oxidative stress11, accumulation of repetitive transposable elements of 

non-coding RNA (Alu RNA)17,151, or inflammatory pathway stimulants including drusen 

components lipofuscin152, C1q124, or Aβ-peptide 1-40125,126; they do not provide any conclusive 

evidence to show NLRP3 involvement in AMD disease progression. In addition, a recent 

review of commercially available NLRP3 antibodies used in these studies has demonstrated 

the poor specificity and reliability of these products, finding that no studies showing evidence 

of NLRP3 involvement in AMD, or its presence in primary or established RPE cell lines, could 

be replicated157. This review, along with evidence implicating a negative role for NLRP3 in 

Alu-RNA induced retinal degeneration17,151, and a positive role in laser-induced choroidal 

neovascularisation (CNV)124, highlights the need for in vivo investigations into the role of the 

NLRP3 inflammasome, specifically avoiding the primary use of cell culture-based systems.  
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Furthermore, little has been studied on the role of other inflammasome pathways in the 

progression of retinal degenerations, including NLRC4 and AIM278,360 (and reviewed in23), or 

downstream inflammasome components ASC, Caspase-11 (CASP-11), or CASP-1361-363. 

CASP-1 is the effector protein for multiple inflammasome complexes, including NLRP1, 

NLRC4, AIM2, and Pyrin158,159, and in addition to its role in the cleavage of IL-1β and IL-18, 

is involved in the cleavage of the pyroptosis-inducing, pore-forming protein Gasdermin 

D159,364. Investigations into the role of this central inflammatory component are therefore 

essential in determining the role of inflammasome pathways in retinal degenerations such as 

AMD. 

This study therefore aims to investigate the role of key components of multiple 

inflammasome pathways using a photo-oxidative damage (PD)-induced model of retinal 

degeneration that recapitulates key aspects of dry-AMD273. Using this rodent model, we have 

previously shown that exposure to damaging levels of light causes an increase in oxidative 

stress and inflammation in the retina, initiating pathological changes seen in AMD273, including 

microglial activation and recruitment68, complement deposition69,72,365 and focal photoreceptor 

and RPE cell loss69. In the present study, we found that mice lacking CASP-1 and CASP-11 

(Casp1/11-/- mice) have increased photoreceptor survivability, better-preserved retinal function 

and reduced inflammation following photo-oxidative damage. Nlrp3-/- but not NLRP3-

pharmacologically inhibited mice have some preservation of retinal function following photo-

oxidative damage, whereas Casp11-/-, Aim2-/-, Nlrc4-/- or Asc-/- mice show no improvement in 

retinal function or survivability. Our study highlights CASP-1 as an important mechanistic 

target for reducing inflammasome mediated cell death in retinal degenerations and for 

therapeutic intervention.   
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4.3. Methods: 
 

4.3.1. Animal handling and photo-oxidative damage: 

All experiments were conducted in accordance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and with approval from the Australian National 

University’s (ANU) Animal Experimentation Ethics Committee (AEEC) (Ethics ID: 

A2017/41; Rodent models and treatments for retinal degenerations). Adult male and female 

C57BL/6J wild-type (WT), Nlrp3-/-, Caspase11-/- (Casp11-/-), Caspase1/11-/- (Casp1/11-/-), Asc-

/-, Nlrc4-/- and Aim2-/- mice (aged between 60-90 postnatal days) were bred and reared under 

12 h light/dark cycle conditions (5 lux) with free access to food and water. The C57BL/6J 

colony was genotyped for the presence of both the Rpe65450Met polymorphism or the deleterious 

Crb1rd8 mutation using previously published primer sets284,285. Sequencing for these was 

conducted at the ACRF Biomolecular Resource Facility, ANU. All animals used possessed the 

Rpe65450Met polymorphism but were free of the Crb1rd8 mutation.  Nlrp3-/-, Casp11-/- and 

Casp1/11-/- strains were purchased from the Jackson Laboratory, while Asc-/-, Nlrc4-/- and Aim2-

/- mice were supplied by Dr. Vishva M. Dixit (Genentech, CA, USA). The origin and 

characterization of mice strains have been previously described in detail287-291. Littermate age-

matched WT and knock-out mice were randomly assigned to photo-oxidative damage (PD) 

and dim-reared control (DR) groups (N=6-12 per group). Animals in the photo-oxidative 

damage group were continuously exposed to 100K lux white LED light for a period of 1, 3, 5 

or 7 days, as well as 14 days (7 days recovery post 7 days photo-oxidative damage) as described 

previously273, with the majority of experiments conducted for 5 days of photo-oxidative 

damage. Dim-reared, and 7 days recovery post-damage mice were maintained in 12h light (5 

lux)/dark cycle conditions.  
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In addition, adult (P60) Chemokine C-X3-C motif receptor 1; yellow fluorescent protein 

(Cx3cr1-cre YFP+) mice (APF, ANU) maintained on a C57BL6/J background were used to 

isolate primary retinal microglia. Animals were randomly assigned to dim-reared or photo-

oxidative damage groups as above (N=6).  

4.3.2.  In vivo NLRP3 inhibition via intravitreal injection: 

In vivo protein and RNA interference was performed using NLRP3-specific inhibitor 

MCC950168 (Kindly gifted by Avril. A. B. Robertson) and Nlrp3 Silencer® Select siRNA 

(Thermo Fisher Scientific, MA, USA), respectively. PBS and Silencer® Select negative 

control #1 siRNA were used as respective controls (Thermo Fisher Scientific, MA, USA). 

MCC950 was reconstituted in PBS at both 20µM and 100µM concentrations.   

 

SiRNA was encapsulated using a cationic liposome-based formulation (Invivofectamine 

3.0 Reagent; Thermo Fisher Scientific, MA, USA) as per the manufacturer's instructions. To 

purify and increase the concentration of the siRNA formulation to a final concentration of 0.3 

µg/µL in endotoxin-free PBS, the samples were spun at 4000g through an Amicon Ultra-4 

Centrifugal Filter Unit (Merck Millipore, MA, USA). Intravitreal injections were performed as 

described in our previous publication18, 1µL Nlrp3 siRNA or negative control siRNA 

formulation was injected into both eyes of each C57BL/6J WT mouse. Following a half-day 

recovery, mice were then placed in photo-oxidative damage for the remainder of the 5 day 

paradigm. Mice were not pupil dilated (as described in our previous publication)273 on day one 

of photo-oxidative damage, to reduce irritation to the eye following intravitreal injection.  

Retinal RNA and whole eyes were collected following photo-oxidative damage as described 

previously273. 
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4.3.3. Measurement of retinal function via electroretinography: 

Full-field scotopic electroretinography (ERG) was performed to assess the retinal function 

of dim-reared controls and animals after 5 days photo-oxidative damage, as well as injected 

mice as previously described18. Mice were dark-adapted overnight before being anaesthetised 

with an intraperitoneal injection of Ketamine (100 mg/kg; Troy Laboratories, NSW, Australia) 

and Xylazil (10 mg/kg; Troy Laboratories, NSW, Australia). Both pupils were dilated with one 

drop each of 2.5% w/v Phenylephrine hydrochloride and 1% w/v Tropicamide (Bausch and 

Lomb, NY, USA). A single- or twin-flash paradigm was used to elicit a mixed response from 

rods and cones, and an isolated cone response, respectively. Flash stimuli for mixed responses 

were provided by an LED-based system (FS-250A Enhanced Ganzfeld, Photometric Solutions 

International, VIC, AUS), over a stimulus intensity range of 6.3 log cd s m−2 (range -4.4-

1.9 log cd s m−2). Amplitudes of the a-wave and b-wave were analysed using LabChart 8 

software (AD Instruments, Dunedin, NZ) and data were expressed as the mean wave 

amplitude ± SEM (µV).  

4.3.4. Optical Coherence Tomography (OCT): 

Cross-sectional images of live mouse retinas were taken 1mm to the optic nerve using a 

Spectralis HRA+OCT device (Heidelberg Engineering, Heidelberg, Germany) as previously 

described273. Eye gel (GenTeal; Novartis, NSW, AUS) was administered to both eyes for 

recovery.  

 

Using OCT cross-sectional retinal images or retinal cryosections, and ImageJ software 

(National Institutes of Health, Bethesda, MD, USA), outer nuclear layer (ONL) thickness was 

either calculated as the ratio of the thickness of the ONL to the whole retinal thickness (outer 

limiting membrane to the inner limiting membrane) for OCT images, or ONL thickness (µM) 

for retinal cryosections. The length (µM) of photoreceptor inner and outer segments (IS and 
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OS) were also measured. ONL, IS and OS thickness was measured five times at 1-mm intervals 

across the retina (superior for IS and OS) and averaged. In addition, the thickness of the ONL 

was determined by counting the number of rows of nuclei (photoreceptor cell bodies) in the 

area of retinal lesion development (1mm superior to the optic nerve head), to quantify 

photoreceptor survival. The process of ONL photoreceptor cell row quantification was 

performed five times per retina, on two retinal sections at comparable locations per mouse. 

4.3.5. Tissue collection and preparation: 

Animals were euthanised with CO2 following functional ERG analysis. The superior 

surface of the left eye from each animal was marked and enucleated, then immersed in 4% 

paraformaldehyde (PFA) for 3 hours. Eyes were then cryopreserved in 15% sucrose solution 

overnight, embedded in OCT medium (Tissue Tek, Sakura, JP) and cryosectioned at 12µm in 

a parasagittal plane (superior to inferior) using a CM 1850 Cryostat (Leica). To ensure accurate 

comparisons were made for histological analysis, only sections containing the ON head were 

used for analysis (N=6 per experimental group). The retina from the right eye of each mouse 

used was excised through a corneal incision and placed into Cell Lytic M buffer (Sigma-

Aldrich, MO, USA) containing a Protease Inhibitor Cocktail (Sigma-Aldrich, MO, USA) to 

extract whole cell protein lysates and then stored at -80°C until further use (N=6 per 

experimental group). Some retinas were placed into RNAlater solution (Thermo Fisher 

Scientific, MA, USA) at 4°C overnight and then stored at -80°C until further use (N=6 per 

experimental group). 

4.3.6. Cell culture:  

Murine photoreceptor-derived 661W cells (kindly gifted by Dr. Muayyad R. Al-Ubaidi, 

Dept. of Cell Biology, University of Oklahoma Health Sciences Centre, Oklahoma City, OK, 

USA)300, murine brain derived microglia C8B4 (American Tissue Culture Collection (ATCC), 



 116 

Virginia, USA)301, immortalised human Müller-like MIO-M1 (Moorfield’s Institute of 

Ophthalmology, London, UK)302 and immortalised human RPE-like aRPE19 (ATCC) 303 

within five passages of authentication were used for these experiments. Cells were validated 

for species authenticity (CellBank, Sydney, AUS). These cells were cultured as previously 

published304, in growth medium containing Dulbecco’s Modified Eagle Medium (DMEM; 

Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, MO, USA), 

6 mM L-glutamine (Thermo Fisher Scientific, MA, USA) and antibiotic-antimycotic (100U/ml 

penicillin, 100 µg/ml streptomycin; Thermo Fisher Scientific, MA, USA). Cells were 

maintained in dim conditions in a humidified atmosphere of 5% CO2 at 37°C, and passaged by 

trypsinization every 3 – 4 days. 

4.3.6.1. Fluorescence activated cell sorting (FACS) isolated retinal 
microglia 

FACS was utilised to isolate Cx3cr1-YFP+ primary retinal microglia from 5 day photo-

oxidative damage mice, as well as dim-reared controls. Briefly, retinas were pooled and 

collected in Hanks buffered saline solution (HBSS, Gibco; Thermo Fisher Scientific, MA, 

USA) and subsequently mechanically chopped up using scissors and digested in digestion 

solution (HBSS with 2.5mg/mL papain (Worthington Biochemical, NJ, USA), 200U DNAse I 

(Roche Diagnostics, NSW, AUS) 5µg/mL catalase (Sigma-Aldrich, MO, USA), 10µg/mL 

gentamycin (Sigma-Aldrich, MO, USA) and 5µg/mL superoxide dismutase (Worthington 

Biochemical, NJ, USA)) at 37°C for 8 minutes, followed by 10 minutes at 8°C. Following 

digestion, tissue suspensions were spun down at 1250rpm of 5 minutes at 4°C and then 

resuspended and neutralised in neutralisation buffer ((HBSS with 4% bovine serum albumin 

(BSA, Thermo Fisher, MA, USA), 50µg/mL antipain dihydrochloride (Roche Diagnostics, 

NSW, AUS), 200U DNAse I (Roche Diagnostics, NSW, AUS) 5µg/mL catalase (Sigma-

Aldrich, MO, USA), 10µg/mL gentamycin (Sigma-Aldrich, NSW, AUS) and 5µg/mL 



 117 

superoxide dismutase (Worthington Biochemical, NJ, USA)) for 10 minutes on ice. Samples 

were re-spun, washed in 1x PBS (Gibco, Thermo Fisher Scientific, MA, USA), and 

resuspended in 1.5mL of 1x PBS with 1% of 200U/mL DNase I (Roche Diagnostics, NSW, 

AUS) and 0.5% MgCl2. Each solution was then filtered through 70µm MACS SmartStrainers 

(Miltenyi Biotec, Cologne, Germany) into a 5ml tube. Cell populations were isolated by FACS 

(BD FACSMelody cell sorter, CAM, JCSMR) using BD FACSChorus software (BD 

Biosciences). Retinal microglia isolated were seeded into 24 well plates containing 

DMEM/F12 (Gibco, Thermo Fisher Scientific, MA, USA) supplemented with 2.5ng/mL 

macrophage colony stimulating factor (M-CSF) (STEMCELL Technologies, VIC, AUS) and 

0.5ng/mL granulocyte macrophage colony stimulating factor GM-CSF (STEMCELL 

Technologies, VIC, AUS), and grown until confluency. 

4.3.7. In vitro NLRP3 inflammasome stimulation: 

Immortalised and primary cell cultures were either chemically stimulated or light damaged 

to establish in vitro inflammatory models. At passage two, cells were split and seeded into 24 

well plates (at a density of 2.5 × 104 cells per well for 661W, 15 × 104 cells per well for C8B4, 

2.0 × 104 cells per well for MIO-M1 and 10 × 104 cells per well for aRPE19), and into 8-well 

chamber slides (5000 cells per well for all cell types) in growth medium, and were incubated 

overnight in dim conditions in a humidified atmosphere of 5% CO2 at 37°C until confluency. 

24 hours prior to stimulation, cells in the 24-well plate and 8-well chamber slides were 

incubated in reduced-serum DMEM (supplemented with 1% FBS, L-glutamine and antibiotic-

antimycotic (Pen/Strep)) and after 24 hours were stimulated for NLRP3 activation.  

4.3.7.1. In vitro photo-oxidative damage: 

661W cells were exposed to 15,000 lux light (2.2 mW/cm2; irradiance measured with 

PM100D optical power meter, THORLABS, NJ, USA) from two white fluorescent lamps 
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(2 × 10W T4 tri-phosphor 6500K daylight fluorescent tubes; Crompton, NSW, Australia), for 

5 hours with 5% CO2 at 37 °C. For dim control cells, one plate and one chamber slide in the 

incubator were completely wrapped in aluminium foil to avoid light exposure. For air/gas 

exchange, six small incisions were cut on the aluminium foil. Following incubation, cells in 

both the dim and photo-oxidative damage chamber slides were washed in PBS before being 

fixed in 4% PFA for 2 hours at 4°C and then were maintained in PBS at 4°C until further use. 

Cells in each of the 24 wells were washed with PBS and were then triturated either in TRIzol 

(Thermo Fisher Scientific, MA, USA) and stored at -80°C until further use (n=6 per 

experimental group), or in placed into CellLytic M buffer (Sigma-Aldrich, MO, USA) 

containing 1% Protease Inhibitor Cocktail (Sigma-Aldrich, MO, USA) and then stored at -

80°C until further use (N=6 per experimental group). 

4.3.7.2. C8B4, Primary microglia, MIO-M1 and aRPE19. 

Immortalised and primary cells were stimulated using a number of previously published 

techniques. Microglia were primed with 20 ng/mL LPS from Escherichia coli 0111:B4 

(N4391, Sigma Aldrich, MO, USA) for 4 hours and stimulated with either 5 mM ATP (A6419, 

Sigma Aldrich, MO, USA) for 0.5 hours or 10 µM Nigericin sodium salt from Streptomyces 

hygroscopicus (N7143, Sigma Aldrich, MO, USA) for 1 hour (C8B4 only)366. Immortalised 

Müller cells (MIO-M1) and RPE cells (aRPE-19) were primed with 20 ng/mL LPS for 4 hours, 

or either 10 ng/mL TNF-α (210-TA , R&D Systems, MN, USA) for 24 hours for MIO-M1 

cells127,367, or 50 ng/mL Recombinant Human Interleukin-1α (IL-1α) Protein (ab9615, Abcam, 

Cambridge, UK) for 24 hours for aRPE19 cells127,157,367. MIO-M1 and aRPE-19 cells were then 

stimulated with 5 mM ATP for 0.5 hours following all priming agents. Unstimulated cells were 

used as negative controls. 
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4.3.8. Immunolabelling: 

Immunohistochemical analysis of retinal cryosections was performed as previously 

described59. Immunocytochemistry was performed using a protocol previously described304. 

Haematoxylin and Eosin staining was performed by covering the retinal cryosections in 1x 

PBS for 10 minutes, followed by 3 minutes in 95% ethanol and 3 minutes in 70% ethanol. 

Following, slides were rinsed in MilliQ water and then stained with Harris Haematoxylin for 

2 minutes (Sigma-Aldrich, MO, USA) before being rinsed again in MilliQ water. Finally, 

sections were counterstained with Eosin Y (Sigma-Aldrich, MO, USA) for 2.5 minutes, 

dehydrated in an each of 70%, 95% and 100% ethanol for 3 minutes each, rinsed in MilliQ and 

coverslipped.  Details of primary antibodies used are displayed in Table 4.1. Fluorescence was 

visualised and images obtained using a laser-scanning A1+ confocal microscope (Nikon, 

Tokyo, Japan). Images panels were analysed using ImageJ (NIH, MD, USA) and assembled 

using Photoshop CS6 software (Adobe Systems, CA, USA). 

 

For IBA-1 immunohistochemistry, the number of IBA-1+ cells (a marker of retinal 

microglia and macrophages) was counted across the superior and inferior retina in retinal 

cryosections. This quantification was performed on two retinal sections per mouse and 

averaged. Retinal cryosections were stained with the DNA-specific dye bisbenzimide 

(1:10000, Sigma-Aldrich, MO, USA) to visualise the cellular layers.  

 

Table 4.1: List of primary antibodies used for immunolabelling. 

Antibody Dilution Company Catalogue number 
Rabbit anti-IBA-1 1:500 Wako, Osaka, JP 019-19741 
Mouse anti-NLRP3 1:100 AdipoGen Life Sciences, Liestal, 

Switzerland. 
AG-20B-0014-C100 

Mouse anti-Caspase-1 1:200 AdipoGen Life Sciences, Liestal, 
Switzerland. 

AG-20B-0042-C100 

Goat anti-IL-1β/IL-1F2 1:100 R&D systems, MN, USA AF-401-NA 
Harris Haematoxylin - Sigma-Aldrich, MO, USA 517-28-2 
Eosin Y - Sigma-Aldrich, MO, USA 15086-94-9 
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4.3.1. In situ hybridisation (ISH): 

To localise Nlrp3 messenger RNA (mRNA) transcripts in mouse retinal and human AMD 

donor retinal tissue cryosections, riboprobes specific for mouse Nlrp3 and Rhodopsin were 

developed (Thermo Fisher Scientific, MA, USA). Primers were designed specific to each gene 

and found to be highly cross reactive across species (Table 4.2) and a T7 Polymerase tag was 

added to the 5’ end of the reverse primer in each set. cDNA was amplified using PCR (Veriti 

96 well Thermal Cycler, Applied Biosystems; Thermo Fisher Scientific, MA, USA), and 

verified on a 1% agarose gel (Sigma Aldrich, MO, USA). PCR products were subsequently 

purified using ammonium acetate precipitation. Briefly, ammonium acetate (Sigma Aldrich, 

MO, USA) was added at ¼ volume to PCR product, following which ice-cold 100% ethanol 

was added at 10x the volume of ammonium acetate. Samples were centrifuged at 13,000rpm 

for 15 minutes at 4°C and supernatant was removed and replaced with 70% ice-cold ethanol to 

wash pellet. Following a 2 min spin at the same settings, supernatant was again removed and 

replaced with Ultrapure water (Gibco, Thermo Fisher Scientific, MA, USA) for elution. 

Purified probe templates were subsequently quantified using ND-1000 spectrophotometer 

(Nanodrop Technologies, DE, USA) for RNA yield.  

 

These purified probe templates were then synthesised into a digoxigenin (DIG)- labeled 

riboprobe that was specific to mouse Nlrp3 or Rhodopsin, run as a positive control, according 

to our previously published protocol70. 

 

Mouse dim-reared and 5 day photo-oxidative damage retinal sections used were prepared 

as above. Adult human eyes were collected with informed consent following the tenets of the 

Declaration of Helsinki, through the Lions NSW Eye Bank, (NSW, Australia) with ethical 
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approval from the Human Research Ethics Committee of both the University of Sydney and 

The Australian National University (Project No. 2012/218). Grading of the eyes was performed 

by experienced graders according to published pathological criteria296, and ranged from normal 

to early- or late- dry AMD. Human AMD tissue was catalogued and processed for sectioning 

based on previously published methods297. 

 

ISH was performed using established protocols 298. In brief, both human and mouse 

riboprobes (Table 2) were hybridised overnight at 56°C and then washed in saline sodium 

citrate (p.H 7.4) at 60°C. the bound probe was subsequently visualised using nitro blue 

tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) (Sigma Aldrich, MO, 

USA).  

 
Table 4.2: Primer sequences for in situ hybridisation riboprobe development. 

Gene Primer sequences Temp °C 
Rhodopsin Forward: GAACTGTATGCTCACCA 

Reverse*:ATATATTAATACGACTCACTATAGGGACATCCATGTTCCCTT 
Hyb: 58 
Post Hyb: 60 

Nlrp3 Forward: ACCTCAACAGTCGCTACACG 
Reverse*:ATATATTAATACGACTCACTATAGGTAGACTCCTTGGCGTCC
TGA 

Hyb: 56 
Post Hyb: 60 

*italised portion on reverse primer is T7 Polymerase sequence. 
 

4.3.2. TUNEL staining and quantification: 

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labeling (TUNEL), was used 

as a measure of photoreceptor cell death. TUNEL in situ labelling was performed on retinal 

cryosections using a Tdt enzyme (Cat# 3333566001, Sigma-Aldrich, MO, USA) and 

biotinylated deoxyuridine triphosphate (dUTP) (Cat# 11093070910, Sigma-Aldrich, MO, 

USA) as previously described295. In each retinal section, the total number of TUNEL+ cells 

were counted including both the superior and inferior retina. This process of quantification was 

performed on two retinal sections per animal, and was calculated as the average number of 
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TUNEL+ cells per retinal section. Images of TUNEL staining were captured with the A1+ 

confocal microscope at 20× magnification.  

4.3.3. Quantitative real-time polymerase chain reaction: 

Total RNA was extracted from the retinal and cell samples as described previously 299, 

using a combination of TRIzol (Thermo Fisher Scientific, MA, USA) and an RNAqueous 

Micro Total RNA Isolation kit (Thermo Fisher Scientific, MA, USA). The concentration and 

purity of each RNA sample was assessed using the ND-1000 spectrophotometer (Nanodrop 

Technologies, DE, USA). Following purification of RNA, cDNA was synthesised from 1µg of 

each RNA sample using a Tetro cDNA Synthesis Kit (Bioline, London, UK) according to the 

manufacturer's protocol. Gene expression was measured using qRT-PCR using both mouse and 

human specific TaqMan hydrolysis probes (Thermo Fisher Scientific, MA, USA), as shown in 

Table 4.3. The TaqMan probes, cDNA and TaqMan Gene Expression Master Mix (Thermo 

Fisher Scientific, MA, USA) were plated in a 384-well transparent plate. Each reaction was 

performed in technical duplicate and was carried out using a QuantStudio 12 K Flex RT-PCR 

machine (Thermo Fisher Scientific, MA, USA). Analysis was performed using the comparative 

Ct method (ΔΔCt). Results were analysed as a percent change relative to control samples, and 

normalised to reference gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh).  

 

Table 4.3: TaqMan hydrolysis probes (Thermo Fisher Scientific, MA, USA) used for 
qRT-PCR. 

Gene symbols Gene name Catalogue number 
Asc/Pycard Apoptosis-associated speck-like protein containing a CARD Mm00445747_g1 
Casp-1 Caspase-1 Mm00438023_m1 

Hs00354836_m1 
Gapdh Glyceraldehyde-3-Phosphatase Dehydrogenase Mm01536933_m1 

Hs02786624_g1 
Il-1β Interleukin-1β Mm00434228_m1 

Hs01555410_m1 
Il-18 Interleukin-18 Mm00434226_m1 
Nlrp3 NLR family pyrin domain containing 3 Mm00840904_m1 

Hs00918082_m1 
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4.3.4. Western Blot: 

Western blot was used to measure the protein expression of NLRP3, CASP-1 and IL-1β in 

retinas from dim-reared and photo-oxidative damage WT, Nlrp3-/-, and Casp1/11-/- mice. The 

blot was performed using whole retinal protein lysates according to previously described 

methods72. 20µg of denatured protein was loaded into a 4-20% Mini-Protean TGX Precast 

Protein gel (Bio-Rad, CA, USA) followed by semi-dry transfer to a PVDF membrane. Primary 

and secondary antibodies used are detailed in Table 4.4. The protein was visualised 

with chemiluminescence using a Clarity Western ECL kit (Bio-Rad, CA, USA) and images 

were captured and analysed using a Chemidoc MP with Image Lab software (Bio-Rad, CA, 

USA).  

 Table 4.4: List of antibodies used for Western Blot. 

Antibody Dilution Company Catalogue number 
Mouse anti-NLRP3 1:1000 AdipoGen Life Sciences, 

Liestal, Switzerland. 
AG-20B-0014-C100 

Mouse anti-Caspase-1 1:1000 AdipoGen Life Sciences, 
Liestal, Switzerland. 

AG-20B-0042-C100 

Goat anti-IL-1β/IL-1F2 1:1000 R&D systems, MN, USA AF-401-NA 
Rabbit anti-GAPDH 1:3000 Sigma Aldrich, MO, 

USA 
G9545 

Goat anti-Rabbit Horseradish peroxidase 
(HRP) conjugate 

1:1000 Bio-rad, CA, USA 170-6515 

Goat anti-mouse Horseradish peroxidase 
(HRP) conjugate 

1:1000 Bio-rad, CA, USA 170-6516 

Chicken anti-goat IgG (H+L) secondary 
antibody HRP 

1:3000 Thermo Fisher Scientific, 
MA, USA 

A15963 

 

4.3.5. IL-1β Enzyme-linked immunosorbent assay (ELISA): 

 
IL-1β levels in WT and KO mouse whole retinal protein extracts were determined using 

IL-1β ELISA (ELISAkit.com, Scoresby, Australia) according to the manufacturer’s 

instructions.  
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4.3.1. Mouse Cytokine/Chemokine Magnetic Bead Assay: 

Cytokine/chemokine levels in WT and KO mouse whole retinal protein extracts were 

determined using a multiplex assay for IL-1β, IL-6 and CXCL1 according to the 

manufacturer’s instructions. (Cat# MCYTOMAG-70K, Merck Millipore, MA, USA). 

4.3.2. Statistical analysis: 

All graphing and statistical analysis was performed using Prism 6 (GraphPad Software, 

CA, USA). An unpaired Student t test, one-way analysis of variance (ANOVA), or two-way 

ANOVA with Tukey’s multiple comparison post-test were utilised to determine the statistical 

outcome of ERG; a P value of <0.05 was considered statistically significant. All data was 

expressed as the mean ± SEM.  
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4.4. Results: 
 

4.4.1. Casp1/11-/- mice exhibit better-preserved retinal survivability. 

To elucidate the contribution of the inflammasome in the progression of retinal 

degenerations, we used Casp1/11-/- mice to investigate the role of the inflammasome Caspases, 

CASP-1 and CASP-11 in the retina. The retinal function of WT and Casp1/11-/- mice housed 

in dim-reared conditions and following 5 days photo-oxidative damage was measured using 

electroretinography (ERG). Dim-reared Casp1/11-/- mice had significantly lower ERG 

responses for both a-wave and b-wave measures compared to dim-reared controls (Figure 4.1A 

and B, P<0.05). However, following photo-oxidative damage, both a-wave and b-wave 

responses were significantly higher compared to WT photo-oxidative damaged mice (Figure 

4.1C and D, P<0.05), demonstrating better-preservation of retinal function. The protected 

retinal function in Casp1/11-/- mice was reflected by a significantly decreased number of 

TUNEL+ cells (dead cells) in the outer retina (Figure 4.1E-G, P<0.05), increased photoreceptor 

row counts (Figure 4.1H, P<0.05), and increased ONL thickness (Figure 4.1I and 1J, P<0.05) 

compared to WT controls. In addition, Casp1/11-/- mice had significantly reduced IBA-1+ cell 

counts, a marker of microglia/macrophage immune cells, in the outer retina (Figure 4.1K-M, 

P<0.05), and reduced IL-1β protein levels as measured by ELISA and multiplex assays (Figure 

4.1N and 1O, P<0.05). Levels of the cytokine IL-6 and chemokine CXCL1 were also reduced 

in Casp1/11-/- mice compared with WT mice (Figure 4.1O, P<0.05). Taken together, these 

results highlight the key role that the inflammasome plays in mediating inflammatory cell death 

during retinal degenerative diseases induced by photo-oxidative damage. 
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Figure 4.1: Casp1/11-/- mice have better-preserved retinal function and reduced 
inflammation and cell death following photo-oxidative damage (PD) compared to WT 
controls. 

A-D Retinal function was measured before (DR) and after 5 days PD using ERG. Casp1/11-/- 

mice had significantly lower retinal function in DR conditions compared to WT controls, for 

both (A) a-wave and (B) b-wave responses (P<0.05, N=6). However, following 5 days PD, 

retinal function in Casp1/11-/- mice was significantly higher than WT PD controls for both (C) 

a-wave and (D) b-wave response (P<0.05, N=10).  E-J The effect of Casp1/11 deficiency on 

photoreceptor cell death. Representative confocal images show ONL thickness and TUNEL+ 

cells in the ONL of (E) WT and (F) Casp1/11-/- mice following PD. (G) Casp1/11-/- mice has 

significantly fewer TUNEL+ cells in the ONL and (H) significantly more photoreceptor rows 

than WT PD controls (P<0.05, N=6). (I-J) There was no significant difference in ONL 

thickness between DR Casp1/11-/- mice and WT controls (P>0.05, N=6), however, after PD, 

the ONL of Casp1/11-/- mice was significantly thicker than WT PD controls (P<0.05, N=6). K-

P The effect of Casp1/11 deficiency on inflammation in the retina following PD. 

Representative confocal images show an increased number of IBA-1+ microglia in (K) WT PD 

mice compared to fewer in (L) Casp1/11-/- PD mice. (M) Casp1/11-/- mice had significantly 

fewer IBA-1+ microglia in the outer retina than WT controls following PD (P<0.05, N=6).  (N) 

Casp1/11-/- PD mice had a significantly reduced level of IL-1β protein as measured by ELISA 

than WT PD controls (P<0.05, N=6). (O) In addition, Casp1/11-/- PD mice has significantly 

reduced levels of IL-1β, IL-6 and CXCL1 compared to WT PD mice, (P<0.05, N=6). Scale 

bars = 50µM. *WT controls used in Figure 1 are the same as in Figure 4, with all mice 

participating in the same experimental run.    
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4.4.2.  Inflammasome components are upregulated in response to photo-
oxidative damage.  

To determine the potential role of the inflammasome in AMD pathogenesis, we used qRT-

PCR to compare the gene expression of inflammasome components and secreted pro-

inflammatory cytokines in the retina across a time-course of photo-oxidative damage. 

Inflammasome components Nlrp3, Asc and Casp-1 were significantly upregulated from 1-7 

days photo-oxidative damage, with Casp-1 expression remaining significantly elevated at 14 

days (7 days photo-oxidative damage + 7 days recovery). Nlrp3 expression was highest at 3 

days photo-oxidative damage, while the expression of Asc and Casp-1 reached a peak at 5 days 

photo-oxidative damage (Figure 4.2A, P<0.05).  

 

The expression pattern of the pro-inflammatory cytokine Il-1β was biphasic, being very 

highly upregulated at 1 day photo-oxidative damage, dropping down at 3 days, and steadily 

increasing at 5 and 7 days (Figure 4.2B, P<0.05). No change was seen in the expression of Il-

18 over the protracted time-course of photo-oxidative damage (Figure 4.2B, P>0.05). Western 

blot analysis of inflammasome components showed that while there was no change in the 

protein levels of NLRP3 between dim-reared and 5 days photo-oxidative damage retinas 

(Figure 4.2C, P>0.05), there was a significant increase in active CASP-1 (Figure 4.2D, P<0.05) 

and active IL-1β (Figure 4.2E, P<0.05) following photo-oxidative damage (Figure 4.2F). A 

significant increase in total IL-1β protein levels was detected in retinas of mice with photo-

oxidative damage compared to dim-reared controls (Figure 4.2G, P<0.05). These results 

suggest that inflammasome components are differentially upregulated during retinal 

degenerations. 
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Figure 4.2: Retinal inflammation over photo-oxidative damage (PD) time course. 

A-B Inflammasome and inflammatory gene expression measured across a time-course of PD. 

(A) Inflammasome components Nlrp3, Asc and Casp-1 increased significantly from 1-7 days 

PD (P<0.05). Nlrp3 expression was highest at 3 days PD while expression of Asc and Casp-1 

peaked at 5 days PD. Casp-1 expression was still significantly increased at 7 days recovery 

(14-day time point) compared to DR controls (P<0.05, N=5-8). (B) Pro-inflammatory cytokine 

gene expression was measured across a time-course of PD, with Il-1β expression significantly 

upregulated at 1 day and 7 days PD (P<0.05), but not at 3-5 days PD, or recovery (14 days) 

(P<0.05). No significant change was detected in Il-18 expression across the time-course 

(P>0.05, N=5-8). C-G Inflammasome protein expression in the retina following 5 days PD. 

(C) NLRP3 expression was unchanged between DR and PD mice (P>0.05), however, both (D) 

active CASP-1 and (E) active IL-1β were significantly increased at 5 days PD compared to DR 

controls (P<0.05). (F) Representative, cropped western blots showing bands of 100kDa for 

NLRP3, 42kDa for pro-CASP-1, 22kDa for active-CASP-1, 17kDa for active IL-1β and 37kDa 

for GAPDH reference protein, in retinal protein lysates from DR and PD retinas. Replicate 

blots were processed in parallel, and full-length blots are presented in Supplementary Figure 

5. (G) Total IL-1β levels were increased in PD retinal lysates compared to DR controls as 

measured by both ELISA and Multiplex Magnetic Bead Assay (P<0.05, N=4-5). 
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4.4.3. NLRP3 is expressed and localised to inner retinal cells in degeneration.  

We further investigated the gene expression levels of inflammasome components Nlrp3, 

Casp-1 and Il-1β in RPE (aRPE19), Müller (MIO-M1), photoreceptor (661W), microglia 

(C8B4) and primary retinal microglia stimulated with inflammasome activators, to determine 

which retinal cell types express inflammasome components. Following stimulation of aRPE19 

cells with either IL-1α/ATP or LPS/ATP, we observed a lack of expression of Nlrp3 (Figure 

4.3A) and no change in the expression of Casp-1 compared to unstimulated controls (Figure 

4.3A, P>0.05). We also observed a small but significant increase in Il-1β expression following 

LPS/ATP stimulation (Figure 4.3A and 3B, P<0.05). In MIO-M1 cells treated with either 

LPS/ATP or TNF-α/ATP, the expression levels of Nlrp3 and Il-1β were significantly increased 

compared with untreated controls (Figure 4.3C and 3D, P<0.05). However, there was no 

change in the expression of Casp-1 following stimulation (Figure 4.3C and 3D, P>0.05).  

 

To recapitulate photo-oxidative damage, we treated 661W photoreceptor like-cells for 5 

hours with 15K lux white LED light. Under this condition, the expression of Nlrp3 was 

significantly upregulated compared to dim controls (Figure 4.3E, P<0.05), while levels of 

Casp-1 decreased significantly (Figure 4.3E, P<0.05). Il-1β however, was undetected in both 

dim and light-treated groups (Figure 4.3E). Nlrp3 gene expression increased significantly 

following photo-oxidative damage, however, cycle threshold (Ct) values following light 

exposure were 15 cycles higher than the Ct for Gapdh, which indicates very low expression 

(low expression cut off 15 cycles from GADPH; dotted lines) of Nlrp3 in this cell type even 

following stimulation (Figure 4.3F).  

 

C8B4 microglial-like cells treated with either LPS/ATP or LPS/Nigericin showed 

significantly upregulated expression of Nlrp3, Casp-1 and Il-1β (Figure 4.3G, P<0.05). This 
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response was also observed in primary retinal microglia stimulated with LPS/ATP, with the 

expression of Nlrp3, Casp-1 and Il-1β significantly upregulated compared to unstimulated 

controls (Figure 4.3H, P<0.05). Ct values of Nlrp3, Casp-1 and Il-1β in both cell types 

following inflammasome stimulation were between 5-6, 5-8 and 1-2 cycles higher than Gapdh 

respectively, indicating very high expression for all inflammasome genes investigated in 

immortalised and primary retinal microglial cell types (Figure 4.3I).  

 

Our results overall indicate that while inflammasome gene expression is inducible to 

significant levels in retinal immortalised cell types, with the exception of Nlrp3 in aRPE19 and 

Il-1β in 661W, the relative expression levels indicate that these components are low-to-

moderately expressed in aRPE19 (Figure 4.3B), MIO-M1 (Figure 4.3D) and 661W (Figure 

4.3F) cell lines, and were only highly expressed in both immortalised and primary retinal 

microglial cell types (Figure 4.3I).  

 

The localisation of Nlrp3 was subsequently investigated in both rodent and human AMD 

donor retinas using in situ hybridisation. No expression of Nlrp3 was detected in dim-reared 

controls (Figure 4.3J), whereas Nlrp3 was expressed in the inner nuclear layer (INL) and 

ganglion cell layer (GCL) following photo-oxidative damage (Figure 4.3K). The expression of 

the positive control gene Rhodopsin was localised in the photoreceptor outer segments (Figure 

4.3L). In healthy age-matched control human donor tissue, no expression of Nlrp3 was seen in 

the retina (Figure 4.3M), however, Nlrp3 was expressed in the INL and GCL of both central 

(Figure 4.3N) and peripheral (Figure 4.3O) AMD sections. 
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Figure 4.3: In vitro and in vivo expression and localisation of inflammasome components. 

A-I Gene expression and cycle threshold (Ct) of inflammasome components (Nlrp3, Casp-1 

and Il-1β) following stimulation in in vitro cell culture. (A) Inflammasome gene expression in 

aRPE19 cells following stimulation with LPS/ATP or IL-1α/ATP. Nlrp3 was undetected, 

Casp-1 showed no change in expression (P>0.05, N=6-8), and Il-1β significantly increased 

following both stimulations (P<0.05, N=6-8). (B) Ct values for Casp-1 and Il-1β were 6 and 9 

cycles from Gapdh respectively. (C) Inflammasome gene expression in MIO-M1 cells 

following stimulation with LPS/ATP or TNF-α/ATP. The expression of Nlrp3 and Il-1β 

significantly increased following both stimulations (P<0.05, N=6-8) however, there was no 

change in the expression of Casp-1 (P>0.05, N=6-8). (D) Ct values for Nlrp3, Casp-1 and Il-

1β were 12, 6 and 11 cycles from Gapdh respectively. (E) Inflammasome gene expression in 

661W cells following 5 hours bright white light (15k lux) stimulation. Nlrp3 gene expression 

significantly increased following stimulation (P<0.05, N=6), while Casp-1 expression 

decreased significantly (P<0.05, N=6), and Il-1β was undetected. (F) Ct values for Nlrp3 and 

Casp-1 were 15 and 11 cycles from Gapdh. (G) Inflammasome gene expression in C8B4 cells 

following stimulation with LPS/ATP or LPS/Nigericin. The expression of Nlrp3, Casp-1 and 

Il-1β all significantly increased following both stimulations (P<0.05, N=6). (H) Inflammasome 

gene expression in primary retinal microglia cells following stimulation with LPS/ATP. The 

expression of Nlrp3, Casp-1 and Il-1β all significantly increased following stimulation 

(P<0.05, N=6). (I) Ct values for Nlrp3, Casp-1 and Il-1β were 6, 6 and 2 cycles respectively 

from Gapdh for stimulated C8B4 cells, and 3, 7 and 1.5 cycles respectively from Gapdh for 

primary microglia following stimulation. J-O Localisation of Nlrp3 mRNA in mouse and 

human retinas. (J) No expression of Nlrp3 was seen in WT DR mouse retinas, however, Nlrp3 

was expressed in retinas of (K) 5 day PD mice, localising in the INL and GCL (black arrows). 

(L) Rhodopsin, as a positive control, was expressed in the outer segments of photoreceptors. 
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(M) In healthy age-matched human donor retinas, no expression of Nlrp3 was seen, however, 

Nlrp3 was found to be expressed in the INL and GCL of human AMD donor retinas in both 

(N) central and (O) peripheral sections. Dotted line represents limit of detection. Scale bar = 

25µM (Mouse retinal sections), 10µM (Human retinal sections). 
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4.4.4. Nlrp3-/- mice have better-preserved retinal function after photo-oxidative 
damage. 

The role of NLRP3, and effects of NLRP3 deficiency on the retina were investigated using 

Nlrp3-/- mice. The retinal function of WT and Nlrp3-/- mice was assessed during dim-reared 

conditions and after 5 days photo-oxidative damage. Dim-reared Nlrp3-/- mice had slightly 

reduced retinal function for both a-wave and b-wave responses compared to WT controls 

(Figure 4.4A and B, P<0.05), however, following photo-oxidative damage, Nlrp3-/- mice had 

significantly higher a- and b-wave retinal responses than WT photo-oxidative damaged mice 

(Figure 4.4C and D, P<0.05). Photoreceptor survivability was subsequently measured using 

TUNEL assay, photoreceptor row counts and ONL thickness measurements. We observed no 

significant difference in total TUNEL+ cell counts in the ONL between Nlrp3-/- and WT mice 

with photo-oxidative damage (Figure 4.4E-G, P>0.05), and while there was a slight increase 

in the number of photoreceptor rows in Nlrp3-/-  mice compared to WT controls (Figure 4.4H, 

P<0.05), ONL thickness measurements from images obtained via Optical Coherence 

Tomography (OCT) indicated that there was no difference in the thickness of the photoreceptor 

nuclear layer between these groups (Figure 4.4I and J, P>0.05). Retinal inflammation was also 

measured in WT and Nlrp3-/- mice following photo-oxidative damage, however, no change was 

observed for IBA-1+ cell counts in the outer retina (Figure 4.4K-M, P>0.05). In addition, there 

was no significant change in IL-1β protein levels measured by ELISA (Figure 4.4N, P>0.05). 
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Figure 4.4: Nlrp3-/- mice show better-preservation of retinal function following PD 
compared to WT controls. 

A-D Retinal function was measured before (DR) and after 5 days PD using ERG. Nlrp3-/- mice 

had a small but significantly lower retinal function in DR conditions compared to WT controls, 

for both (A) a-wave and (B) b-wave (P<0.05, N=6). However, following 5 days PD, retinal 

function in Nlrp3-/- mice was significantly higher than WT PD controls for both (C) a-wave 

and (D) b-wave (P<0.05, N=8).  E-J The effect of Nlrp3 deficiency on photoreceptor cell death. 

Representative confocal images show ONL thickness and TUNEL+ cells in the ONL of (E) 

WT PD and (F) Nlrp3-/- PD mice. (G) There was no significant difference in TUNEL+ cell 

counts in the ONL between Nlrp3-/- PD mice and WT controls (P>0.05, N=6).  (H) Nlrp3-/- PD 

mice had a small but significant increase in photoreceptor rows than WT controls (P<0.05, 

N=8). (I-J) There was no significant difference in ONL thickness between Nlrp3-/- and WT 

controls for DR or PD groups (P>0.05, N=6). K-P The effect of Nlrp3 deficiency on 

inflammation in the retina following PD. Representative confocal images show IBA-1+ 

microglia in (K) WT PD mice compared to (L) Nlrp3-/- PD mice. (M) No significant difference 

in the number of IBA-1+ microglia were seen in the outer retina of Nlrp3-/- and WT PD mice 

(P>0.05, N=8). (N) No change was seen in retinal IL-1β protein levels as measured by ELISA 

between Nlrp3-/- and WT PD mice (P>0.05, N=6). Scale bars = 50µM. *WT controls used in 

Figure 1 are the same as in Figure 4, with all mice participating in the same experimental run.   
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4.4.5. NLRP3 inhibition does not protect against photoreceptor cell death.  

To examine the effects of NLRP3 inhibition on retinal function, inflammation and 

photoreceptor survivability after photo-oxidative damage; NLRP3 was inhibited by intravitreal 

injections of MCC950, a specific NLRP3 inhibitor, and siRNA for Nlrp3. Compared to PBS 

injected controls, retinal function for both a- and b-wave measures was significantly reduced 

after photo-oxidative damage in mice injected with 20µM MCC950 (Figure 4.5A and B, 

P<0.05), but was unchanged in mice injected with 100µM MCC950 (P>0.05). There was no 

change in TUNEL+ cell counts, photoreceptor row counts, ONL thickness measurements, or 

IBA-1+ cell counts in either dosage group compared to PBS controls (Figure 4.5C-E, P<0.05). 

Similar results were observed in mice injected with Nlrp3 siRNA compared to negative control 

siRNA. After 5 days photo-oxidative damage, Nlrp3 gene expression was significantly reduced 

in the retina in mice injected with Nlrp3 siRNA compared to those injected with negative 

control siRNA (Figure 4.5F, P<0.05), however, there was no significant change in the 

expression of downstream inflammasome genes Casp-1, Asc, Il-18, and Il-1β (Figure 4.5F, 

P>0.05). No change was seen in a-wave ERG function (Figure 4.5G, P>0.05), while b-wave 

function was significantly reduced (Figure 4.5H, P<0.05) compared to controls. In addition, 

there was no change in TUNEL+ cell counts (Figure 4.5I, P>0.05), a small significant increase 

in photoreceptor row counts (Figure 4.5J, P<0.05), but not ONL thickness measurements 

(Figure 4.5J, P>0.05), and no change in IBA-1+ cell counts in Nlrp3 siRNA-injected mice 

(Figure 4.5K, P<0.05) compared to controls. Therefore, pharmacological or siRNA-mediated 

inhibition of NLRP3 conferred no retinal protection against photo-oxidative damage. 
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Figure 4.5: NLRP3 inhibition does not reduce photoreceptor cell death or improve retinal 
function following PD. 

A-B Retinal function in mice injected with NLRP3-specific inhibitor MCC950 was measured 

following 5 days PD using ERG. No change in retinal function was observed between mice 

injected with 20µM dose of MCC950 and PBS injected controls for (A) a-wave or (B) b-wave 

responses (P>0.05, N=5). A dose of 100µM MCC950 however, resulted in significantly 

reduced retinal function for both (A) a-wave and (B) b-wave responses compared to PBS 

injected controls (P<0.05, N=5). C-E The effect of MCC950 on retinal cell death and 

inflammation following 5 days PD. (C) No change was seen in TUNEL+ cells in the ONL, (D) 

photoreceptor row counts or ONL thickness measurements, or (E) IBA-1+ cell counts for either 

20µM or 100µM doses of MCC950 compared to PBS controls (P>0.05, N=5). F Nlrp3, but not 

Casp-1, Asc, Il-18 or Il-1β gene expression was significantly decreased in siRNA-injected 

retinas following 5 days PD (P<0.05, N=6). G-H Retinal function in mice injected with Nlrp3 

siRNA was measured following 5 days PD using ERG. No change was seen in retinal response 

between siRNA and negative control group for (G) a-wave however, (H) there was a significant 

reduction in retinal function for siRNA group compared to negative control for b-wave. I-K 

The effect of Nlrp3 siRNA on the retina following 5 days PD. Compared to controls, in Nlrp3 

siRNA-injected mice, there was no change in (I) TUNEL+ cells in the ONL (P>0.05, N=6), (J) 

a small significant increase in photoreceptor rows (P>0.05, N=6), but no change in ONL 

thickness measurements (P>0.05, N=6), and no change in IBA-1+ cell counts in the outer retina 

(P>0.05, N=6).  
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4.4.6. Casp11-/- mice show no retinal protection following photo-oxidative 
damage. 

Given the better-preserved function and survivability of the retina demonstrated by 

Casp1/11-/- mice compared to WT controls, the role of the non-canonical pathway of NLRP3 

inflammasome activation was investigated via the use of Casp11-/- mice. No change in retinal 

function measured by ERG was observed between WT and Casp11-/- mice for either dim-reared 

or photo-oxidative damage groups (Figure 4.6A-D, P>0.05). In addition, there was no 

difference in TUNEL+ cell counts, photoreceptor row counts or outer nuclear layer (ONL) 

thickness measurements between these groups (Figure 4.6E-J, P>0.05). Further, there was no 

difference in IBA-1+ cell counts in the outer retina between WT and Casp11-/- mice following 

photo-oxidative damage (Figure 4.6K-M, P>0.05). These results suggest that CASP-1, but not 

CASP-11, is the likely candidate which mediates retinal cell death and inflammation in our 

model of retinal degenerative disease. 
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Figure 4.6: Casp11-/- mice show no preservation of retinal function following PD. 

A-D Retinal function was measured before (DR) and after 5 days PD using ERG. There was 

no significant difference in retinal function between Casp11-/- and WT mice, in DR conditions 

for (A) a-wave or (B) b-wave responses or for (C) a-wave or (D) b-wave responses following 

PD (P>0.05, N=6). E-J The effect of Casp-11 deficiency on photoreceptor cell death. (E-F) 

No significant difference in ONL thickness was seen between Casp11-/- and WT mice for DR 

or PD groups (P>0.05, N=6). No significant difference was seen between Casp11-/- and WT 

PD groups for (G) TUNEL+ cell counts in the outer retina or in (H) photoreceptor row counts 

(P>0.05, N=6). Representative images show retinal thickness and TUNEL+ cells in the ONL 

for (I) WT PD mice and (J) Casp11-/- PD mice. K-L The effect of Casp-11 deficiency on 

inflammation in the outer retina following PD. (K) No significant difference was seen in total 

IBA-1+ cell counts in the outer retina following PD between Casp11-/- and WT mice (P>0.05, 

N=6). Representative confocal images show IBA-1+ microglia in the outer retina of (L) WT 

PD and (M) Casp11-/- mice. Scale bars = 50µM. 
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4.4.7. Aim2-/- and Asc-/- mice, but not Nlrc4-/- mice have reduced retinal function 
after photo-oxidative damage. 

 
To identify whether inflammasome components in addition to CASP-1 might be responsible 

for the progression of retinal degenerations, we tested mice lacking NLRC4, AIM2 or ASC in 

our model of retinal degeneration. Retinal function was significantly decreased between dim-

reared WT and Nlrc4-/- mice (Supplementary Figure 4.1A-B, P<0.05), however, no significant 

change was observed between WT and Nlrc4-/- mice following photo-oxidative damage 

(Supplementary Figure 4.1C-D, P>0.05). No significant change was measured in TUNEL+ cell 

counts in the ONL (Supplementary Figure 4.1E, H and I, P>0.05), however, there was a 

significant increase in photoreceptor row counts and ONL thickness measurements 

(Supplementary Figure 4.1F P>0.05), and a decrease in the number of total IBA-1+ cells in the 

outer retina (Supplementary Figure 4.1G, J and K P>0.05), compared to WT controls with 

photo-oxidative damage. Overall these results suggest that NLRC4 does play a major role in 

mediating retinal cell death in retinal degeneration induced by photo-oxidative damage.  

 

 We observed no change in retinal function between dim-reared WT and Aim2-/- mice 

(Supplementary Figure 4.2A-B, P>0.05), however, after 5 days photo-oxidative damage, 

retinal function was significantly reduced in Aim2-/- mice compared to WT controls 

(Supplementary Figure 4.2C-D, P<0.05). Furthermore, Aim2-/- mice had significantly higher 

levels of cell death as measured by total TUNEL+ cell counts in the ONL (Supplementary 

Figure 4.2E, H and I, P<0.05), and a reduced number of photoreceptor rows (Supplementary 

Figure 4.2F, P<0.05). However, ONL thickness measurements showed no significant 

difference compared to WT photo-oxidative damage mice (Supplementary Figure 4.2F, 

P>0.05). Aim2-/- mice had reduced IBA-1+ cell counts in the outer retina compared to WT mice 

with photo-oxidative damage (Supplementary Figure 4.2G, J and K, P<0.05).  
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Finally, we investigated the role of the inflammasome adaptor ASC in retinal degeneration. 

Asc-/- mice had reduced ERG function in both dim-reared and photo-oxidative damage 

conditions compared to WT controls (Supplementary Figure 4.3A-D, P<0.05). Similar to Aim2-

/- mice, following 5 days photo-oxidative damage, Asc-/- mice had significantly higher levels of 

cell death as measured by total TUNEL+ cell counts in the ONL (Supplementary Figure 4.3E, 

H and I, P<0.05), a reduced number of photoreceptor rows, as well as reduced ONL thickness 

(Supplementary Figure 4.3F, P<0.05), and reduced IBA-1+ cell counts in the outer retina 

(Supplementary Figure 4.3G, J and K, P<0.05), compared to WT mice. Taken together, these 

results suggest a possible protective role for both adaptor protein ASC as well as AIM2 

inflammasome sensor protein in retinal degenerations.  

4.4.8. CASP-1 may be required for normal photoreceptor development in the 
mouse retina  

Given the reduction in retinal function of dim-reared Casp1/11-/- mice compared to WT 

controls, the length of photoreceptor inner and outer segments was measured on retinal 

cryosections stained with hematoxylin and eosin. While there was no difference in the length 

of photoreceptor inner segments between WT and Casp1/11-/- dim-reared mice, the outer 

segments were significantly shorter compared to WT controls (Supplementary Figure 4A-C, 

P<0.05). Following 5 days of photo-oxidative damage however, Casp1/11-/- mice had 

significantly longer photoreceptor inner and outer segment lengths (measured as combined 

length due to the condensed and distorted nature of the outer retina in WT mice following 

photo-oxidative damage), (Supplementary Figure 4D-F, P<0.05). These results indicate that 

CASP-1 may be required for the normal development of retinal photoreceptor outer segments, 

but following activation of the inflammasome in retinal degenerations, plays a role in mediating 

photoreceptor cell death. 
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4.5. Discussion: 
 

Results from this study demonstrate an important function of CASP-1 inflammasomes in 

mediating retinal degenerations, with Casp1/11-/- mice having significantly better-preserved 

retinal function, increased photoreceptor survivability, and decreased inflammation compared 

to controls. We showed that while Nlrp3-/- mice had some preservation of retinal function 

following photo-oxidative damage, WT mice injected intravitreally with either Nlrp3 siRNA 

or specific inhibitor MCC950, showed decreased or unchanged retinal function compared to 

controls. Further, Casp11-/-, Nlrc4-/-, Aim2-/-, and Asc-/- mice showed either a decreased 

functionality or no change in response to photo-oxidative damage. We reasoned that 

inflammasome mediated-inflammation in retinal degenerations such as AMD may occur 

largely independently of NLRP3, NLRC4 or AIM2 sensor proteins. Alternatively, it is possible 

that multiple inflammasome sensor proteins are activated simultaneously and that inhibiting a 

single inflammasome sensor protein has no major effect on dampening the immune response. 

Overall, we demonstrate that protease enzyme CASP-1 is likely responsible for propagating 

inflammation and consequent photoreceptor cell death in the retina, and highlight how 

targeting of this downstream inflammasome component could offer more therapeutic promise 

than targeting individual inflammasome sensors. 

 

Inflammasome-mediated inflammation and cell death are widely accepted to be associated 

with both wet and dry forms of AMD1,3,16,39,141,153,154,  with in vivo inhibition of inflammasome-

activated pro-inflammatory cytokine IL-1β shown to greatly improve the survivability of the 

retina following photo-oxidative damage18. However, while much of the current literature has 

focused on investigating the role of inflammasome sensor receptor NLRP3 in propagating this 

damage, little work has been done on other components of inflammasome pathways, in 

particular on the role of pro-inflammatory-cleavage protease CASP-1. Results from this study 
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suggest that CASP-1-dependent inflammasomes are responsible for the propagation of 

inflammation and cell death in photo-oxidative damage-induced retinal degenerations.  

 

This hypothesis is supported by other studies, in which the expression of Casp-1 is upregulated 

following short term (1-24 hours), moderate bright white/blue light exposure in several in vivo 

mouse models361-363. These studies demonstrate that significant upregulation of Casp-1 is 

correlated with increased levels of photoreceptor cell death362,363. Furthermore, CASP-1 

inhibition or ablation in mice was shown to decrease levels of Il-1β, inflammation and 

subsequent retinal capillary degeneration in a model of diabetic retinopathy368, as well as 

reduced photoreceptor cell death in a model of retinitis pigmentosa369. In addition, more 

recently, Young et al, 2019, have shown that eyes pre-treated with an sGFP-TatCARD vector, 

that is, an intravitreally injected gene-delivered Casp-1 inhibitor, were protected from sodium-

iodate induced retinal degeneration370. Given the reduction in both ERG function and outer 

segment photoreceptor length seen in dim-reared Casp1/11-/- mice compared to WT controls, 

it cannot be ruled out that a developmental difference resulting in reduced OS surface area 

could afford Casp1/11-/- mice a level of protection against photo-oxidative damage. However, 

taking together the results of this study, with previous findings that demonstrate increased 

protection against degeneration using Casp-1 inhibitors in the retina368-370 ,and CNS371,372, it 

appears highly probable that CASP-1-dependent pathways play an important role in mediating 

inflammatory retinal cell death. Due to the close genomic location of CASP-1 and CASP-11, 

the strain of knock-out mouse used Casp1/11-/- is deficient in both the canonical and non-

canonical Caspases, 1 and 11 respectively158. However, no change in retinal function or 

histology was seen in Casp11-/- compared to WT controls, indicating that this pathway is most 

likely not involved in retinal degeneration. As CASP-11 is activated by LPS from gram-

negative bacteria373,374, and the retina is immune privileged, this result is not unexpected. These 
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results further support a role of CASP-1 dependent inflammasomes in the progression of retinal 

degeneration. We suggest that in retinal degenerations, CASP-1 propagates retinal 

inflammation and photoreceptor cell death via the cleavage and activation of pro-inflammatory 

cytokine IL-1β as well as possibly through its role in Gasdermin D pyroptotic pore formation. 

Further research into the role of both Gasdermin D and pyroptosis in the progression of retinal 

degenerations however, is necessary, in addition to exploring the therapeutic targeting of 

CASP-1.  

 

NLRP3 is the best characterised CASP-1-dependent inflammasome sensor protein, and 

although widely studied, its role in the progression of retinal degenerations such as AMD has 

yet to be fully elucidated. The expression of NLRP3 has been reported in the lesion site in both 

the RPE and drusen of wet- and dry-AMD patients compared to healthy age-matched 

controls127,153, however, it is unclear whether this is a cause or consequence of AMD itself. In 

addition, research by Doyle et al, 2012 indicates that NLRP3 may play a protective or 

homeostatic role in wet-AMD pathogenesis124, showing using a laser-induced mouse model of 

CNV, that compared to WT controls, Nlrp3-/- mice displayed increased CNV development and 

subretinal hemorrhage as well as increased macrophage infiltration to lesion areas124. In 

contrast to this investigation however, the role of NLRP3 in dry-AMD pathogenesis by the 

same group was only investigated in terms of capability to become activated by drusen 

component C1q, but not whether this actually occurred in vivo124. Furthermore, studies by 

Marneros et al. 2013 and 2016, demonstrate that Nlrp3-/- mice crossed with a VEGF-Ahyper 

strain (a strain known to exhibit age-dependent features of both wet- and dry-AMD), showed 

reduced numbers of CNV lesions compared to controls, however, did not exhibit any protection 

against RPE degeneration or macrophage infiltration155,156. It therefore still remains unclear 

how NLRP3 is activated specifically in dry-AMD and more importantly if it plays a role at all. 
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To date, much of the research on uncovering the role of NLRP3 in AMD pathogenesis has 

investigated the mode of activation of NLRP3 in cell culture-based studies, primarily focusing 

on the RPE11,17,124-126,151,152. However, a recent review by Kosmidou et al. 2018157, calls into 

question the specificity of cited NLRP3 antibodies, demonstrating that NLRP3 localisation in 

the retina could not be replicated157. In situ hybridisation results from this study detected Nlrp3 

labelling in the both the INL and GCL of mouse retinas at 5 days photo-oxidative damage and 

in human AMD retinas, a finding which is supported in another study using RNAscope in situ 

hybridization78. In addition, a recent publication has reported the expression of NLRP3 protein 

in both the GCL and nerve fiber layers of WT mice375. Taken together, the expression pattern 

of Nlrp3 mRNA, and possibly protein, appears to reside in these neuronal cellular layers, 

suggesting Nlrp3 is produced by these cell types. Our in vitro results further support an inner 

retina Nlrp3 localisation, with Nlrp3 expression shown in cell types located in the INL and 

GCL; MIO-M1 Müller like cells, C8B4 microglial-like cells as well as primary retinal 

microglia, with Nlrp3 gene expression highly inducible in both microglial cell types following 

inflammasome stimulations. Regardless, the inner retinal localization and upregulation of 

Nlrp3 demonstrated in this, and other works78,375, does not easily support an outer retina 

photoreceptor degeneration phenotype as seen in this model, and in AMD pathogenesis, 

additionally supporting the hypothesis that NLRP3 may not largely contribute to retinal 

degenerations. Further co-localisation studies are required however, to further identify 

unequivocally which retinal cells express Nlrp3, and if the transcript produced in these cells is 

subsequently packaged and exported to the RPE where the protein is widely reported to be 

expressed.  
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 While proof-of-concept studies and RPE-based cell culture experiments appear to be 

common in the literature16,124-127,143,150,359,376, there exists a lack of in vivo studies that 

investigate the role of NLRP3 in AMD pathogenesis. For this reason, this study used a well-

established photo-oxidative damage mouse model that recapitulates many important facets of 

dry-AMD pathogenesis including the upregulation of inflammatory pathways18,59,273,299,365. 

Results from this study indicate that while retinal Nlrp3 gene expression increased over time 

in photo-oxidative damage, and Nlrp3-/- mice had better-preserved retinal function following 

photo-oxidative damage; there was no change in NLRP3 protein expression, and mice injected 

with both NLRP3 inhibitor and siRNA showed unchanged or reduced retinal function and 

photoreceptor survivability. It is possible however, that the low-level expression changes in 

Nlrp3 are able to be detected using sensitive techniques such as qPCR and in situ hybridisation, 

however, not by western blots. Further, the antibody used in this work was not part of the 

validation study conducted by Kosmidou et al. 2018157, and therefore may lack specificity. 

Additional antibodies as validated by Kosmidou may be worth testing in the future to verify 

NLRP3 expression in the retina. 

 

MCC950 is a small selective inhibitor of NLRP3167,168, that has been shown to reduce 

levels of cleaved CASP-1 and IL-1β in response to both NLRP3 specific stimulation in vitro168, 

as well as in NLRP3-driven inflammatory diseases377-380. While the use of MCC950 has been 

investigated in a cell culture model of diabetic retinopathy380, and in RPE cell culture models 

of AMD381, NLRP3 inhibition via MCC950 had not been studied before in the retina. Further 

investigations are therefore still necessary to determine the bioavailability and clearance rate 

of this drug in the eye, as well as to test different dosages and methods of drug delivery. These 

results however, supported with significantly reduced Nlrp3 gene expression 5 days after 

intravitreal injection with Nlrp3 siRNA, suggest that NLRP3 may not play a key role in 
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inflammasome-mediated photoreceptor cell death in the retina, and may potentially be 

upregulated as a consequence, rather than cause of degeneration, as previously questioned156. 

Alternatively, like suggested by Doyle et al. 2012, NLRP3 could play a homeostatic or 

protective role in the retina. It is unclear exactly why mice deficient in NLRP3 but not NLRP3-

inhibited mice have better-preserved retinal responses following photo-oxidative damage, 

however, we hypothesise that as dim-reared Nlrp3-/- mice had reduced retinal function 

compared to WT dim-reared controls, that NLRP3 may play a role in normal retinal 

functioning, homeostasis, or in development; and that mice deficient in NLRP3 from birth may 

be less susceptible to inflammatory cell death than WT controls. More frequent or higher 

concentration dosing paradigms may be required to determine if there is any therapeutic 

protection to the retina following NLRP3 inhibition. Regardless, at the doses investigated and 

using intravitreal injection methods, NLRP3 inhibition did not appear to reduce photoreceptor 

cell death, inflammation or improve retinal function following photo-oxidative damage, 

suggesting that targeting NLRP3 may not slow the progression of retinal degenerations.  

 

In addition to NLRP3, the role of alternative CASP-1-dependent inflammasome 

components in retinal degenerations was also investigated. ASC plays a critical role in both the 

NLRP3 and AIM2 inflammasome pathways, acting to bridge the activated PRR to the protease 

CASP-116. Little has been reported on ASC in the literature, specifically in relation to retinal 

degenerations, however, what is clear is that from gene expression studies, Asc gene up-

regulation can be mirrored to that of Casp-1 and Il-1β, along with cell death382. What was 

unexpected however, was that unlike in Casp1/11-/- mice, Asc-/- mice, for both dim-reared and 

photo-oxidative damage conditions, had significantly lower ERG responses for a- and b-wave 

measures. It is unclear at this stage why this may be occurring; however, it is evident that the 

retina under normal or developing conditions requires the presence of functional ASC. A 
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decreased retinal function was also observed for Nlrp3-/- and Casp1/11-/- mice under dim-reared 

conditions, suggesting that this inflammasome complex may be required for photoreceptor 

development, but not in photo-oxidative damage induced-degeneration. Further investigations 

are required to elucidate the function of ASC in normal retinal health as well as in diseased 

state. 

 

Finally, in addition to investigations into NLRP3, the role of NLRC4 and AIM2 

inflammasome sensor proteins in retinal degenerations was examined. As both of these 

inflammasome pathways have known roles in sensing and responding to intracellular 

pathogens including bacteria and viruses383,384, contribution to retinal degenerations following 

photo-oxidative damage was not expected. Although mice lacking NLRC4, AIM2 or ASC 

showed the same or higher levels of cell death than WT controls, a reduction in the total number 

of IBA-1+ microglia was seen. While an increased number of microglia is often correlated with 

an increased level of inflammation, and cell death, this is not a direct or causative 

relationship385. As microglia can exist in either a ramified/resting state; or an 

amoeboid/activated state, further investigations into the nature of the microglia in these 

inflammasome knock-out mice compared to WT controls needs to be investigated in the future. 

Given the reduced retinal function and increased cell death seen in Aim2-/- and Asc-/- mice 

compared to WT controls following photo-oxidative damage, it is possible that AIM2 sensor 

proteins, along with ASC, may play a protective role in the retina during degeneration induced 

by photo-oxidative damage.   
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4.6. Conclusion: 
While it is not clear which pathway(s) are mediating inflammation in the retina in AMD, 

overall results from this study demonstrate that the inflammasome protease enzyme CASP-1 

may play a significant role in the propagation of inflammation and cell death that characterises 

many retinal degenerative diseases. Taken together, results from this work suggest that 

inflammatory cell death in retinal degenerative diseases may occur independently of NLRP3, 

or that there is functional redundancy between inflammasome sensor proteins. The targeting of 

molecular components downstream of inflammasome sensor proteins, in particular CASP-1, 

may provide more therapeutic potential, and will be the focus of future research directions.  
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4.7. Supplementary Figures: 
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Supplementary Figure 4.1: Nlrc4-/- mice have unchanged retinal function and 
inflammation compared to WT controls. 

A-D Retinal function was measured before (DR) and after 5 days PD using ERG. Nlrc4-/- mice 

had significantly reduced function compared to WT DR controls for both (A) a-wave or (B) b-

wave responses (P<0.05, N=4), however there was no significant change in function in Nlrc4-

/- for (C) a-wave and (D) b-wave measures following 5 days PD compared to WT controls 

(P<0.05, N=4). E-G The effect of Nlrc4 deficiency on photoreceptor cell death and 

inflammation following 5 days PD. (E) No change was seen in TUNEL+ cell counts in the ONL 

(P>0.05, N=4), however, Nlrc4-/- mice had (F) an increased number of photoreceptor cell rows 

and an increased ONL thickness compared to WT controls (P<0.05, N=4). (G) Nlrc4-/- mice 

had decreased total numbers of IBA-1+ cells in the outer retina compared to WT PD controls 

(P<0.05, N=4). H-K Representative confocal images showing an unchanged number of 

TUNEL+ cells and increased number of photoreceptor rows in (H) WT PD mice compared to 

(I) Nlrc4-/- mice, as well as an increased number of IBA-1+ cells in the outer retina of (J) WT 

mice compared to (K) Nlrc4-/- mice following 5 days PD. Scale bars = 25µM.  
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Supplementary Figure 4.2: Aim2-/- mice have reduced retinal cell function and increased 
cell death in response to photo-oxidative damage. 

A-D Retinal function was measured before (DR) and after 5 days PD using ERG. No significant 

difference was shown in DR Aim2-/- mice compared to WT controls for either (A) a-wave or 

(B) b-wave responses (P>0.05, N=4-7). Aim2-/- mice however had significantly decreased 

retinal function for (C) a-wave and (D) b-wave measures following 5 days PD compared to 

WT controls (P<0.05, N=11-14). E-G The effect of Aim2 deficiency on photoreceptor cell 

death and inflammation following 5 days PD. Aim2-/- mice had increased levels of 

photoreceptor cell death as shown by significantly (E) increased TUNEL+ cell in the ONL, and 

(F) a decreased number of photoreceptor cell rows, compared to WT controls (P<0.05, N=11-

14). No significant difference was seen in ONL thickness measurements however, between 

WT and Aim2-/- mice (P>0.05, N=11-14). (G) Aim2 deficiency however resulted in reduced 

numbers of IBA-1+ cells in the outer retina compared to WT PD controls (P<0.05, N=11-14). 

H-K Representative confocal images showing a decreased number of TUNEL+ cells and 

increased number of photoreceptor rows in (H) WT PD mice compared to (I) Aim2-/- mice, as 

well as an increased number of IBA-1+ cells in the outer retina of (J) WT mice compared to 

(K) Aim2-/- mice following 5 days PD. Scale bars = 25µM.  
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Supplementary Figure 4.3: Asc-/- mice have reduced retinal function and increased cell 
death in response to photo-oxidative damage. 

A-D Retinal function was measured before (DR) and after 5 days PD using ERG. Asc-/- mice 

had significantly lower retinal function in DR conditions compared to WT controls, for both 

(A) a-wave and (B) b-wave measures (P<0.05, N=4). In addition, following PD, Asc-/- mice 

had significantly lower retinal function than WT PD controls for both (C) a-wave and (D) b-

wave responses (P<0.05, N=4).  E-G The effect of Asc deficiency on photoreceptor cell death 

and inflammation following 5 days PD. Asc-/- mice had increased levels of photoreceptor cell 

death as shown by significantly (E) increased TUNEL+ cell in the ONL, and (F) a decreased 

number of photoreceptor cell rows and ONL thickness, compared to WT controls (P<0.05, 

N=4). (G) Asc-/- mice had significantly reduced numbers of IBA-1+ cells in the outer retina 

compared to WT PD controls (P<0.05, N=4). H-K Representative confocal images showing a 

decreased number of TUNEL+ cells and increased number of photoreceptor rows in (H) WT 

PD mice compared to (I) Asc-/- mice, as well as an increased number of IBA-1+ cells in the 

outer retina of (J) WT mice compared to (K) Asc-/- mice following 5 days PD. Scale bars = 

25µM.  
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Supplementary Figure 4: CASP-1 may be required for normal photoreceptor 

development in the mouse retina.  

A-C The effect of CASP-1 on photoreceptor segment length in normal conditions. Thickness 

measurements of the inner (IS) and outer segment (OS) of WT and Casp1/11-/- DR mice show 

no significant change in IS length, but a significant reduction in the OS length of Casp1/11-/- 

mice compared to WT controls (A). Representative bright-field images show significantly 

increased OS length in the retina of WT DR mice (B), compared to Casp1/11-/- DR mice (C). 

D-F The effect of CASP-1 on photoreceptor segment length following 5 days PD. Thickness 

measurements of the combined photoreceptor IS and OS of WT and Casp1/11-/- PD mice show 

a significant reduction in the OS length of WT mice compared to Casp1/11-/- PD mice (D). 

Representative bright-field images show significantly shorter OS length in the retina of WT 

PD mice (E), compared to Casp1/11-/- PD mice (F). Scale bars = 25µM. 
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Supplementary Figure 5: Western Blots. 

A-C Representative full-length western blots showing expression of inflammasome proteins in 

dim-reared and photo-oxidative damaged retinas. NLRP3 (100kDa) protein expression was 

weak, and unchanged between dim-reared and 5 day photo-oxidative damaged mice (A). Dim-

reared mice showed expression of pro-CASP-1 (42kDa), however no expression of active-

CASP-1. In addition, active-CASP-1 expression (22kDa) was seen in photo-oxidative damaged 

mice retinas (B). No expression of IL-1B (17kDa) was seen in retinas of dim-reared mice, 

however was seen in retinas of mice exposed to 5 days photo-oxidative damage (C). 

Unchanged GAPDH (37kDa) protein levels between dim-reared and 5 days photo-oxidative 

damage retinas (D and E).  
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5. Results 
 
Caspase-1 inhibition prevents Gasdermin D-induced photoreceptor cell death in the 
degenerating retina. 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

While small extracellular vesicle fractions isolated following high speed >100,000xg 

ultracentrifugation and expressing tetraspanin markers CD9, CD63 and CD81 (such as those 

isolated in this work) are commonly referred to as exosomes, naming conventions of all EV 

fractions are at present hotly debated in the field. Therefore, without evidence of endosomal 

origin and in complying with MISEV 2018 guidelines386, EV isolated in this work are herein 

referred to as small-to-medium EV, or s-mEV. In reference to other works, EV terminology will 

be referred to as published in the original papers.  
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5.1. Abstract 
 
Purpose: Inflammasome activation and the subsequent secretion of pro-inflammatory 

cytokines interleukin 1β (Il-1β) and Il-18 are widely reported to contribute to the progression 

of retinal degenerative diseases including Age-related macular degeneration (AMD). As the 

central effector protease responsible for the activation of these inflammatory signalling 

molecules, Caspase-1 is therefore a key therapeutic target. In addition to this role, Caspase-1 

also mediates the cleavage of pyroptotic pore-forming protein Gasdermin D (GSDMD), 

However, the involvement of GSDMD in disease pathogenesis is less well-characterised. 

Therefore, in this work we investigated the therapeutic inhibition of Caspase-1 as well as the 

contribution of downstream molecular pathways in mediating retinal inflammation and cell 

death. Methods: Caspase-1 inhibition was investigated using both local (intravitreal) and 

systemic (intraperitoneal) delivery of Casp-1 siRNA and irreversible protein inhibitor ac-

YVAD-cmk. The contribution of downstream molecular pathways in mediating Caspase-1-

induced retinal cell death, was explored using Il-18-/-, Il-1r1-/- and Gsdmd-/- mice, in a well-

established photo-oxidative damage-induced model of retinal degeneration. Retinal function 

was investigated using electroretinography (ERG) while immunohistochemistry, IL-1β ELISA 

and qRT-PCR were employed to investigate retinal inflammation and cell death. Finally, 

GSDMD-dependent secretion of small-to-medium extracellular vesicles (s-mEV), including 

exosomes, was measured using Nanotracking analysis on s-mEV isolated from WT and 

Gsdmd-/- bone marrow derived macrophages (BMDM) stimulated with LPS/ATP. Results: 

Intravitreal delivery of Casp-1 siRNA and ac-YVAD-cmk conferred little to no retinal 

protection against photo-oxidative damage, however daily systemic administration of ac-

YVAD-cmk reduced inflammation and prevented retinal cell death and loss of retinal function. 

While mice deficient in Il-1r1 and Il-18 did not display any protection against photo-oxidative 

damage-induced retinal degeneration, Gsdmd-/- mice had preserved retinal function, and 
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reduced levels of inflammation and cell death. Finally, following stimulation with LPS/ATP, 

s-mEV isolated from Gsdmd-/- BMDM were reduced in concentration compared to WT 

controls. Conclusions: Caspase-1 mediates retinal inflammation and cell death in response to 

photo-oxidative damage-induced retinal degeneration via the activation of pyroptotic pore 

protein Gasdermin D. Caspase-1 inhibition may protect the retina from degeneration by 

inhibiting downstream pro-inflammatory signalling including the Gasdermin D-dependent 

release of IL-1β and s-mEV.  
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5.2. Introduction 
Age-Related Macular Degeneration (AMD) is a chronic inflammatory disease of the 

retina that is characterised by the progressive degeneration of the light sensing photoreceptor 

cells and underlying retinal pigmented epithelium (RPE), resulting in irreversible blindness 1. 

Inflammation is critical to disease progression3,21,22, with the role of the inflammasome, a 

multi-protein complex of the innate immune system; and its effector protein Caspase-1, well 

established in the pathogenesis of AMD 12,19,370, and many other retinal degenerative diseases 

368,369. 

Caspase-1 is a cysteine protease enzyme, that as a result of inflammasome activation,  

cleaves  pro-inflammatory cytokines interleukin 1β (IL-1β) and interleukin-18 (IL-18) into 

their active, mature forms8,133. The secretion of IL-1β and IL-18 has been implicated in the 

pathogenesis of many retinal degenerative diseases67,160, playing key roles in inducing retinal 

cell death and neovascularisation, respectively18,67,149. However, as end-products of 

inflammasome pathways, the selective therapeutic targeting of IL-1β and IL-18 has not yet 

proven effective 387-389, highlighting the need for novel therapeutic options to combat the spread 

of inflammation and subsequent cell death. Therefore, as an upstream effector of inflammation, 

the modulation of Caspase-1 represents an attractive therapeutic target. In addition, as Caspase-

1 features in the majority of inflammasome pathways 134,159, limitations that exist in targeting 

individual inflammasome receptor proteins is circumvented.  

 

In addition to its role in the activation of pro-inflammatory cytokines, Caspase-1 

mediates the assembly of Gasdermin D (GSDMD) pores on the cell membrane 135, the 

formation of which causes pyroptotic, or inflammatory programmed cell death134-137. GSDMD 

is a 53kDa effector protein for pyroptosis, and is comprised of 2 linked domains, a 31kDa N-

terminal (GSDMD-N) domain and a 22kDa C-terminal (GSDMD-C) domain139,390. In its full-

length state, GSDMD-C forms an intramolecular domain association with GSDMD-N 
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inhibiting its activity136. However, following Caspase-dependent cleavage, this autoinhibition 

is lifted allowed N-terminal fragments to oligomerize and form pores, 10-18nm in diameter, 

on the cell membrane 136,390. The formation of these pores disrupts the osmotic potential of the 

cell, and results in membrane blebbing, cell swelling, and ultimately cell lysis 76,138. As a 

consequence of pyroptosis, cytoplasmic contents including active-IL-1β and -IL-18 are 

released into the extracellular space135,139,140, where they function as signals to drive the 

recruitment of microglia/macrophage immune cell populations to the site of damage 18.  

It has also been suggested that the release of exosomes, small extracellular vesicles (40-

150nm), that participate in cell-to-cell communication24,220,221, is largely dependent on the 

formation of GSDMD pores138,391. Exosomes are small delivery vehicles formed via the 

endocytic pathway219, that selectively encapsulate nucleic acids including protein, DNA and 

RNA from host cells, and deliver them to target cells where they can have a biological 

effect210,211. Exosomes have been reported in increased numbers during inflammatory and 

neurodegenerative diseases392,393, suggesting they may play a role in disease pathogenesis. 

While the roles of Caspase-1, IL-1β and IL-18 are widely studied and defined in the 

development of retinal degenerative diseases 19,67,370, the contribution of GSDMD is less well-

characterized77,78,394,395. Further, GSDMD-mediated exosome release has to date not been 

investigated in the retina in healthy or diseased states. 

Therefore, in this work we aimed to elucidate both the role of pyroptosis executioner 

protein GSDMD in the healthy and degenerating retina, as well as the therapeutic targeting of 

upstream effector Caspase-1. We demonstrate in this work that intravitreal-administration of 

both Caspase-1 gene and protein inhibitors was not sufficient to combat inflammatory cell 

death in the retina. However, systemic inhibition of CASP-1 using ac-YVAD-cmk, an 

irreversible protein blocker396, protected the retina against photo-oxidative damage-induced 
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retinal degeneration, rescuing photoreceptor cell death. Further, we showed that Caspase-1 

mediated damage occurred in a GSDMD-dependent manner, and was not due to IL-18 or IL-

1R1. Finally, while preliminary, we show evidence for a GSDMD-dependent secretion of 

exosomes (herein referred to as small-to-medium extracellular vesicles (s-mEV) in keeping 

with MISEV 2018 guidelines386), using bone-marrow derived macrophages (BMDM). We 

propose that the increased secretion of s-mEV from immune cell populations may contribute 

to inflammation and progressive cell death in a GSDMD-dependent manner. By targeting 

CASP-1 we can therefore concurrently prevent the activation and secretion of pro-

inflammatory signalling molecules in the retina slowing the progression of retinal 

degenerations. 
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5.3. Methods: 
5.3.1. Animal handling and photo-oxidative damage: 

All experiments were conducted in accordance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and with approval from the Australian National 

University’s (ANU) Animal Experimentation Ethics Committee (AEEC) (Ethics ID: 

A2017/41; Rodent models and treatments for retinal degenerations). Adult male and female 

C57BL/6J wild-type (WT), Gasdermin D (GsdmdI105N/I105N, to be referred to as Gsdmd-/-), 

interleukin-18 (Il-18tm1Aki, or Il-18-/-) and interleukin 1 receptor (Il-1r1tm1lmx, or Il-1r1-/-) mice 

(aged between 50-90 postnatal days) were bred and reared under 12 h light/dark cycle 

conditions (5 lux) with free access to food and water. The C57BL/6J colony was genotyped for 

the presence of both the Rpe65450Met polymorphism or the deleterious Crb1rd8 mutation using 

previously published primer sets 284,285. Sequencing for these was conducted at the ACRF 

Biomolecular Resource Facility, ANU. All animals used possessed the Rpe65450Met 

polymorphism but were free of the Crb1rd8 mutation.  Gsdmd-/- mice were generated at the ANU 

and have previously been described in detail292, while Il-18-/- and Il-1r1-/- strains were 

purchased from the Jackson Laboratory. Age-matched mice were randomly assigned to photo-

oxidative damage (PD) and dim-reared control (DR) groups (N=5-11 per group). Animals in 

the photo-oxidative damage group were continuously exposed to 100K lux white LED light for 

a period of 1, 3, 5 and 7 days as described previously 273, with the majority of experiments 

conducted at 5 days photo-oxidative damage. Dim-reared mice and recovery mice (7 days after 

5 days photo-oxidative damage), were maintained in 12h light (5 lux)/dark cycle conditions.  

5.3.2. Retinal Assessment  
5.3.2.1. Retinal Function via Electroretinography 

Full-field scotopic electroretinography (ERG) was performed to assess the retinal 

function of WT and knock-out mice reared in dim conditions or following 5 days of photo-

oxidative damage, as well as pharmacologically inhibited mice and negative controls; as 
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previously described 18.  Mice were dark-adapted overnight before being anaesthetised with an 

intraperitoneal injection of Ketamine (100 mg/kg; Troy Laboratories, NSW, Australia) and 

Xylazil (10 mg/kg; Troy Laboratories, NSW, Australia). Both pupils were dilated with one 

drop each of 2.5% w/v Phenylephrine hydrochloride and 1% w/v Tropicamide (Bausch and 

Lomb, NY, USA). 

 

Anaesthetised and pupil dilated mice (as above) were placed on the thermally regulated 

stage of the Celeris ERG system (Diagnosys LLC, MA, USA). The Celeris ERG system has 

combined Ag/AgCl electrode-stimulator eye probes which measure the response from both 

eyes simultaneously, and uses 32-bit ultra-low noise amplifiers fitted with impedance testing. 

Eye probes were cleaned with 70% ethanol, and then a Hypromellose 0.3% eye drop solution 

(GenTeal; Novartis, NSW, AUS) was applied to both probes. The probes were then placed 

covering and just touching the surface of each eye. A single- or twin-flash paradigm was used 

to elicit a mixed response from rods and cones, and an isolated cone response, respectively. 

Flash stimuli for mixed responses were provided using 6500K white flash luminance range 

over stimulus intensities from -2.0-1.9 log cd s m−2. Responses were recorded and analysed 

using Espion V6 Software, (Diagnosys LLC, MA, USA). Statistics were performed in Prism 

V7.0 (GraphPad Software, CA, USA) using a two-way analysis of variance (ANOVA) to test 

for differences in a-wave and b-wave responses. Data was expressed as the mean wave 

amplitude ± SEM (µV). 

5.3.3. In vivo inhibitors: 

In vivo inflammasome protein interference was performed using CASP-1 specific inhibitor 

ac-YVAD-cmk (Sigma Aldrich), as well as and RNA interference using Casp1 Silencer® 

Select siRNAs (Thermo Fisher Scientific, MA, USA). Ac-YVAD-cmk was reconstituted in 

50mg/ml DMSO and then diluted to final concentrations of 0.3mM and 1.85mM for intravitreal 
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delivery and 12.5µmol/kg for intraperitoneal delivery, in Ultrapure Endotoxin-free PBS 

(Thermo Fisher Scientific). SiRNA was encapsulated using a cationic liposome-based 

formulation (Invivofectamine 3.0 Reagent; Thermo Fisher Scientific, MA, USA) as per the 

manufacturer's instructions, and as previously described 397, to a final concentration of 0.3 

µg/µL in Ultrapure Endotoxin-free PBS (Thermo Fisher Scientific). Dimethyl sulfoxide 

(DMSO; Sigma-Aldrich) in PBS and Silencer® Select negative control #1 siRNA were used 

as respective controls (Thermo Fisher Scientific, MA, USA).  

5.3.3.1. Intravitreal injections: 

Mice were anaesthetized using an intraperitoneal injection of Ketamine (100 mg/kg; Troy 

Laboratories, NSW, Australia) and Xylazil (10 mg/kg; Troy Laboratories, NSW, Australia) 

following which intravitreal injections were performed as described in our previous publication 

18. 1µL pharmacological inhibitor or control was injected into both eyes of each WT mouse. 

Following recovery, mice were then placed in photo-oxidative for 5 days, or 5 days then 7 days 

recovery.  

5.3.3.2. Intraperitoneal injections: 

Male C57BL/6J mice were injected with ac-YVAD-cmk (12.5µmol/kg body weight, 

reconstituted as above; Sigma-Aldrich, MO, USA), via intra-peritoneal (I.P.) injection daily 

for 5 days while in photo-oxidative damage conditions. Respective control mice were injected 

daily with 0.1% DMSO or 10.3% DMSO in Endotoxin-free PBS (Thermo Fisher Scientific). 

All mice were monitored daily for signs of distress or sickness. Following 5 days of daily I.P. 

injections, mice were placed in dark adaptation overnight for ERG analysis (N=6).  

5.3.4. Tissue collection and preparation: 

Animals were euthanised with CO2 following functional ERG analysis. The superior 

surface of the left eye from each animal was marked and enucleated, then immersed in 4% 
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paraformaldehyde (PFA) for 3 hours. Eyes were then cryopreserved in 15% sucrose solution 

overnight, embedded in OCT medium (Tissue Tek, Sakura, JP) and cryosectioned at 12µm in 

a parasagittal plane (superior to inferior) using a CM 1850 Cryostat (Leica). To ensure accurate 

comparisons were made for histological analysis, only sections containing the ON head were 

used for analysis. The retina from the right eye of each mouse used was excised through a 

corneal incision and placed into RNAlater solution (Thermo Fisher Scientific, MA, USA) at 

4°C overnight and then stored at -80°C until further use. 

5.3.5. Immunolabelling 

Immunohistochemical analysis of retinal cryosections was performed as previously 

described59. Fluorescence was visualised and images obtained using a laser-scanning A1+ 

confocal microscope at 20x magnification (Nikon, Tokyo, Japan). Images panels were analysed 

using ImageJ (NIH, MD, USA) and assembled using Photoshop CS6 software (Adobe 

Systems, CA, USA). 

5.3.5.1. IBA-1 Immunohistochemistry 

 Immunolabeling for IBA-1 (1:500, 019-19741, Wako, Osaka, Japan) and quantification 

was performed as previously described 59. The number of IBA-1+ cells (a marker of retinal 

microglia and macrophages) was counted across the superior and inferior retina in retinal 

cryosections. This quantification was performed on two retinal sections per mouse and 

averaged. Retinal cryosections were stained with the DNA-specific dye bisbenzimide 

(1:10000, Sigma-Aldrich, MO, USA) to visualise the cellular layers. Images of IBA-1+ staining 

were captured with the A1+ confocal microscope at 20× magnification.  

5.3.5.2. TUNEL staining and quantification 

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labeling (TUNEL), was used 

as a measure of photoreceptor cell death. TUNEL in situ labelling was performed on retinal 
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cryosections using a Tdt enzyme (Cat# 3333566001, Sigma-Aldrich, MO, USA) and 

biotinylated deoxyuridine triphosphate (dUTP) (Cat# 11093070910, Sigma-Aldrich, MO, 

USA) as previously described 295. In each retinal section, the total number of TUNEL+ cells 

were counted including both the superior and inferior retina. This process of quantification was 

performed on two retinal sections per animal, and was calculated as the average number of 

TUNEL+ cells per retinal section 250. Images of TUNEL staining were captured with the A1+ 

confocal microscope at 20× magnification.  

5.3.6. Histological Analysis: 

To determine photoreceptor cell death, in each retinal section, the total number of 

TUNEL+ cells were counted including both the superior and inferior retina. This process of 

quantification was performed on two retinal sections per animal, and was calculated as the 

average number of TUNEL+ cells per retinal section. Images of TUNEL staining were captured 

with the A1+ confocal microscope at 20× magnification. The thickness of the ONL was 

determined by counting the number of rows of nuclei (photoreceptor cell bodies) in the area of 

retinal lesion development (1mm superior to the optic nerve head), to quantify photoreceptor 

survival. The process of ONL photoreceptor cell row quantification was performed five times 

per retina, on two retinal sections at comparable locations per mouse. 

 

As a measure of inflammation, the number of IBA-1+ cells (a marker of retinal microglia 

and macrophages) was counted across the superior and inferior retina in retinal cryosections. 

This quantification was performed on two retinal sections per mouse and averaged. Retinal 

cryosections were stained with the DNA-specific dye bisbenzimide (1:10,000, Sigma-Aldrich, 

MO, USA) to visualise the cellular layers.  

 



 175 

5.3.7. Quantitative real-time polymerase chain reaction: 

Total RNA was extracted from the retinal samples as described previously 299, using a 

combination of TRIzol (Thermo Fisher Scientific, MA, USA) and an RNAqueous Micro Total 

RNA Isolation kit (Thermo Fisher Scientific, MA, USA). The concentration and purity of each 

RNA sample was assessed using the ND-1000 spectrophotometer (Nanodrop Technologies, 

DE, USA).  

 

Following purification of RNA, cDNA was synthesised from 1µg of each RNA sample 

using a Tetro cDNA Synthesis Kit (Bioline, London, UK) according to the manufacturer's 

protocol. 

 

Gene expression was measured using qRT-PCR using both mouse and human specific 

TaqMan hydrolysis probes (Thermo Fisher Scientific, MA, USA), as shown in  Table 5.1. The 

TaqMan probes, cDNA and TaqMan Gene Expression Master Mix (Thermo Fisher Scientific, 

MA, USA) were plated in a 384-well transparent plate. Each reaction was performed in 

technical duplicate and was carried out using a QuantStudio 12 K Flex RT-PCR machine 

(Thermo Fisher Scientific, MA, USA). Analysis was performed using the comparative Ct 

method (ΔΔCt). Results were analysed as a percent change relative to control samples, and 

normalised to reference gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh). 
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 Table 5.1: TaqMan Hydrolysis probes (Thermo Fisher Scientific, MA, USA) used for 
qPCR. 

Gene symbols Gene name Catalogue number 

Asc/Pycard Apoptosis-associated speck-like protein containing a 
CARD 

Mm00445747_g1 

Casp-1 Caspase-1 Mm00438023_m1  
Gapdh Glyceraldehyde-3-Phosphatase Dehydrogenase Mm01536933_m1 
Gsdmd Gasdermin D Mm00509958_m1 
Il-1β Interleukin-1β Mm00434228_m1 

Hs01555410_m1 
Il-18 Interleukin-18 Mm00434226_m1 
Nlrp3 NLR family pyrin domain containing 3 Mm00840904_m1 

Hs00918082_m1 
Pdcd6ip (Alix) Programmed Cell Death 6 Interacting Domain Mm00478032_m1 

Smpd3 Sphingomyelin Phosphodiesterase 3 Mm00491359_m1 
 

5.3.8. Western Blot: 

Western blot was used to measure the protein expression of CASP-1 and IL-1β in BMDM 

stimulated with LPS/ATP, and treated with ac-YVAD-cmk. The blot was performed according 

to previously described methods 72. 20µg of denatured protein was loaded into a 4-20% Mini-

Protean TGX Precast Protein gel (Bio-Rad, CA, USA) followed by semi-dry transfer to 

a PVDF membrane. Primary and secondary antibodies used are detailed in Table 5.2. The 

protein was visualised with chemiluminescence using a Clarity Western ECL kit (Bio-Rad, 

CA, USA) and images were captured and analysed using a Chemidoc MP with Image Lab 

software (Bio-Rad, CA, USA).  

 

Table 5.2:List of antibodies used for Western Blot  

Antibody Dilution Company Catalogue number  
Mouse anti-Caspase-1 1:1000 AdipoGen Life Sciences, 

Liestal, Switzerland. 
AG-20B-0042-C100 

Goat anti-IL-1β/IL-1F2 1:1000 R&D systems, MN, USA AF-401-NA 
Rabbit anti-GAPDH 1:3000 Sigma Aldrich, MO, USA G9545 
Goat anti-rabbit Horseradish peroxidase 
(HRP) conjugate 

1:1000 Bio-rad, CA, USA 170-6515 

Goat anti-mouse Horseradish peroxidase 
(HRP) conjugate 

1:1000 Bio-Rad, CA, USA 170-6516 

Chicken anti-goat IgG (H+L) secondary 
antibody HRP 

1:1000 Bio-Rad, CA, USA 170-6516 

 



 177 

5.3.9. IL-1β Enzyme-linked immunosorbent assay (ELISA): 

IL-1β levels in cell culture supernatant and mouse whole retinal protein extracts were 

determined using IL-1β ELISA (ELISAkit.com, Scoresby, Australia) according to the 

manufacturer’s instructions.  

5.3.10. In vitro experiments 
5.3.10.1. Bone marrow-derived macrophage (BMDM) extraction and 

differentiation: 

 
Primary BMDM were extracted from C57BL/6J WT and Gsdmd-/- mice. Following death 

by cervical dislocation, mice were sterilised using 70% ethanol and the epidermis of lower 

abdomen was snipped and all skin removed from the midline to the foot. Adductor muscles 

were cut towards the midline allowing the legs to be severed between hip joint and spine. The 

legs were sprayed thoroughly with ethanol and soaked in Ultrapure Endotoxin-free 0.1M PBS 

(Thermo Fisher Scientific, MA, USA) for 3 hours. Following soaking, muscle tissue was 

stripped from each leg, and the tibia and femur were isolated, sprayed with ethanol and placed 

on a sterile Petri dish with 10 mL of BMDM media (DMEM; Sigma-Aldrich, 30% medium 

conditioned by L-929 fibroblasts, 10% FBS; Sigma-Aldrich, 1% MEM non-essential amino 

acids; Thermo Fisher Scientific, MA, USA 1% Penicillin + Streptomycin; Sigma-Aldrich and 

1% L-Glutamine; Thermo Fisher Scientific, MA, USA).   

The ends of the tibia and femur were each cut and the bones were held vertically over 

a 50 mL Falcon
TM tube. Marrow was flushed from the bones using 10 mL of BMDM media in 

a sterile 10 mL syringe with a 25-gauge needle (Becton Dickinson, NJ, USA). Once all marrow 

was collected, marrow was resuspended in BMDM media using a 27-gauge needle (Becton 

Dickinson, NJ, USA). Marrow samples were topped up to 30mL media total volume, and 

shared evenly between three non-treated 15 cm tissue culture dishes (Corning, Sigma-Aldrich), 

and grown at 37°C in a humidified incubator supplied with 95% air and 5% CO2. 5ml BMDM 
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media was added to each dish after 3 days incubation. BMDM were ready for harvesting or 

stimulation at day 5. To harvest BMDM, cells were scraped off culture dishes with 23 cm cell 

scrapers (Thermo Fischer Scientific, MA, USA), spun down at 900g for 5 minutes and re-

seeded at a density of 1.0 x 106 cells/well into non-treated 6 well plates (Nunc, Thermo Fisher 

Scientific, MA, USA).  

5.3.10.2. In vitro Inflammasome stimulation 

BMDM from WT and Gsdmd-/- mice were primed with 20ng/mL LPS from Escherichia 

coli 0111:B4 (N4391, Sigma Aldrich, MO, USA) for 4 hours and stimulated with 5mM ATP 

(A6419, Sigma Aldrich, MO, USA) for 0.5 hours. Unstimulated cells were used as negative 

controls. For s-mEV isolation supernatants were collected immediately for both control and 

LPS/ATP groups. Following stimulation, the media was changed and cells were left for 24 

hours for further s-mEV secretion, and supernatant collected. For CASP-1 and IL-1β protein 

quantification experiments, in addition to control and LPS/ATP groups, 50µM, or 100µM ac-

YVAD-cmk (Sigma-Aldrich, MO, USA), was added to some wells 30 minutes prior to the 

addition of LPS/ATP, to inhibit CASP-1.  

5.3.10.3. s-mEV isolation 

s-mEV were isolated from WT and Gsdmd-/- BMDM cell culture supernatants as previously 

described20 . Cells were cultured in EV-free FBS for 24 hours before, and during stimulations. 

Briefly, collected supernatants were spun at 4°C using differential centrifugation in 14x89mm 

Beckman Ultra-Clear ultracentrifuge tubes (Beckman Coulter, CA USA) using a Beckman 

Coulter Optima XE-100 ultracentrifuge fitted with a SW41Ti Rotor (Beckman Coulter, CA 

USA) at 10,000xg for 30 minutes and 150,000xg for 1.5 hours. Isolated s-mEV pellets were 

resuspended via tituration for 1 minute in 500µL Ultrapure Endotoxin-free 0.1M PBS (Thermo 

Fisher Scientific, MA, USA) and used immediately for quantification. 
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5.3.10.4. s-mEV quantification. 

s-mEV isolated from WT and Gsdmd-/- BMDM cell culture supernatants were diluted 

1:40 in 1ml in Ultrapure Endotoxin-free 0.1M PBS and were characterised using nanoparticle 

tracking system analysis on a NanoSight NS300 (Malvern Instruments, Malvern, UK) as 

previously described20. The concentration values, modal and mean sizes were exported to 

Prism V7 (GraphPad Software, CA, USA) for statistical analysis and plotting.  

5.3.11. Imaging and Statistical analysis: 

Confluency and morphology of primary and immortalised cell cultures was examined using 

Zeiss Axiovert 200 Fluorescence/Live cell imagine microscope (Zeiss). Fluorescence in retinal 

and cell sections was visualised using A1+ Confocal Microscope System with NIS-Elements 

Advanced Research software. All graphing and statistical analysis was performed using Prism 

6 (GraphPad Software, CA, USA). An unpaired Student t test, one-way analysis of variance 

(ANOVA), or two-way ANOVA with Tukey’s multiple comparison post-test were utilised to 

determine the statistical outcome; a P value of <0.05 was considered statistically significant. 

All data was expressed as the mean ± SEM.  
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5.4. Results 
5.4.1. Intravitreal inhibition of CASP-1 is insufficient to ameliorate retinal 

degeneration induced by photo-oxidative damage. 

Local retinal inhibition of CASP-1 was investigated via the use of intravitreal injections 

of Casp-1 siRNA and CASP-1-specific protein inhibitor ac-YVAD-cmk. Retinal function was 

measured using electroretinography (ERG) after 5 days photo-oxidative damage and again 

following 7 days of recovery in dim conditions. Results demonstrate that for both damage and 

recovery time points there was no preservation of retinal function in Casp-1 siRNA-inhibited 

mice compared to controls (Figure 5.1A and B). Further, there was no change in the recruitment 

of microglia/macrophages, as determined by the number of IBA-1+ cells in the outer retina, 

between these groups (Figure 5.1C).  Additionally, there was also no difference in the number 

of photoreceptor row nuclei (Figure 5.1D), or TUNEL+ cells in the ONL (Figure 5.1E), 

between siRNA inhibited mice and negative controls, indicating no observable protection from 

photoreceptor cell death following the use of Casp-1 siRNA. 

 

As Casp-1 gene silencing conferred no retinal protection against photo-oxidative 

damage, intravitreal administration of protein inhibitor ac-YVAD-cmk, was carried out. The 

effects of ac-YVAD-cmk on the retina at a low dosage (0.3mM) were investigated following 

5 days photo-oxidative damage, while high dose (1.85mM) effects were investigated both 

directly following 5 days of damage and after 7 days recovery, to determine potential long-

term effects. Similar to results using siRNA, there was little preservation of retinal function in 

response to local delivery of 0.3mM ac-YVAD-cmk, with only significantly improved retinal 

function at the highest flash intensity for a-wave measures (Figure 5.1F, P<0.05), and a slight 

preservation of function for b-wave measures (Figure 5.1G, P>0.05), compared to controls. An 

increased dose of 1.85mM likewise had no effect on preserving retinal function following 5 

days of photo-oxidative damage, or after 7 days recovery (Figure 5.1H-I). While there was no 
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difference in the number of IBA-1+ cells in the outer retina of mice treated with a 0.3mM dose 

of ac-YVAD-cmk, compared to DMSO controls, there was a significant reduction in IBA-1+ 

microglia/macrophage counts following 7 days recovery when treated with a 1.85mM dose of 

ac-YVAD-cmk (Figure 5.1J). Although this higher dose did not confer any protection to 

photoreceptor survivability as determined by photoreceptor row counts (Figure 5.1K), there 

was a significant reduction in the number of TUNEL+ cells in ac-YVAD-cmk-injected mice 

after 7 days recovery, compared to DMSO controls (Figure 5.1L). Overall these results indicate 

that intravitreal inhibition of CASP-1 is largely insufficient to combat CASP-1 activation, with 

only a small observed protection in cell death and immune cell recruitment in mice treated with 

a high dose of ac-YVAD-cmk following 7 days recovery. 
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Figure 5.1: Intravitreal inhibition of CASP-1 is insufficient to ameliorate retinal 
degeneration induced by photo-oxidative damage. 

A-E Effect of intravitreal injection of Casp-1 siRNA on the retina in PD-induced retinal 

degeneration. No change was observed in retinal function between Casp-1 siRNA-injected 

mice and negative controls at 5 days PD or in recovery, for (A) a-wave or (B) b-wave measures 

(P>0.05, N=6). There was no difference in the number of (C) outer retina IBA-1+ cells, (D) 

photoreceptor rows, or (E) TUNEL+ cells in the ONL, between Casp-1 siRNA-inhibited mice 

or controls, measured at 7 days recovery following PD (P>0.05, N=6). F-L Effect of intravitreal 

injection of irreversible CASP-1 inhibitor ac-YVAD-cmk on the retina in PD-induced retinal 

degeneration. Retinal function was slightly preserved following 5 days PD between ac-YVAD-

cmk-injected mice using 0.3mM dose and DMSO-injected controls for (F) a-wave responses 

and (G) b-wave measures (P<0.05, N=6). However, no difference in retinal function was 

observed between ac-YVAD-cmk-injected mice using 1.85mM dose and DMSO-injected 

controls at 5 days PD or in recovery, for (H) a-wave or (I) b-wave measures (P>0.05, N=6). 

Following 7 days recovery after PD, a significant reduction in the number of (J) outer retina 

IBA-1+ cells was seen between 1.85mM ac-YVAD-cmk-treated mice and controls (P<0.05, 

N=6), however there was no difference in the number of (D) photoreceptor rows between these 

groups (P>0.05, N=6). (E) Finally, a significant reduction in TUNEL+ cells in the ONL was 

found between 1.85mM ac-YVAD-cmk-injected mice compared to DMSO-injected controls, 

following 7 days recovery (P<0.05, N=6). 
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5.4.2. Systemic inhibition of CASP-1 reduces local inflammation and 
photoreceptor cell death, and improves retinal function 

To determine the efficacy of ac-YVAD-cmk as an inhibitor of CASP-1, the expression of 

CASP-1 and cleavage product IL-1β were measured in lysates of BMDM stimulated with 

LPS/ATP, and treated with varying doses of ac-YVAD-cmk, using western blots. Following 

stimulation with LPS/ATP, strong expression of pro- and active-CASP-1 was seen in BMDM, 

indicated by bands at 42kDa and 22kDa, respectively. However, in BMDM pre-treated with 

ac-YVAD-cmk , a dose-dependent reduction in the expression of CASP-1 was shown, with 

only a faint band at 42kDa (pro-CASP-1) seen in cells treated with 50µM ac-YVAD-cmk, and 

no bands in the 100µM dose group. A similar expression pattern was observed for IL-1β, with 

bands at 35kDa and 17kDa representing pro- and active-IL-1β respectively, following 

stimulation with LPS/ATP. Pro-IL-1β bands (35kDa) were seen in cells pre-treated with both 

50µM and 100µM doses of ac-YVAD-cmk, however no active-IL-1β was detected (Figure 

5.2A). As CASP-1 inhibition via the use of ac-YVAD-cmk would only prevent the cleavage 

of pro-IL-1β to its active form, this result was expected. In addition to cellular levels of CASP-

1 and IL-1β, an ELISA was used to measure IL-1β expression in the BMDM cell supernatants. 

A similar expression pattern was seen with significantly high levels of IL-1β produced 

following stimulation with LPS/ATP, reducing down to control levels in wells pre-treated with 

50µM and 100µM of ac-YVAD-cmk (Figure 5.2B). Overall ac-YVAD-cmk was shown to have 

high efficacy as an inhibitor of CASP-1 in cell culture. 

 

As concluded from results above, local delivery of ac-YVAD-cmk was not sufficient to 

inhibit the effects of CASP-1 activation on the retina during photo-oxidative damage. 

Therefore, we investigated the effects of daily systemic delivery of this inhibitor on the 

degenerating retina using intraperitoneal injections. Systemic administration of ac-YVAD-cmk 

was found to confer significant protection to the retina, with better preservation of retinal 
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function following 5 days of photo-oxidative damage for both a-wave and b-wave measures 

(Figure 5.2C-D). Further, compared to controls, the expression of inflammasome genes Casp-

1, Il-1β, Il-18 and Gsdmd, were all significantly downregulated in retinal lysates from ac-

YVAD-cmk systemically inhibited mice (Figure 5.2E), while there was no change in the 

expression of upstream inflammasome genes, Nlrp3 and Asc, between these groups.  

 

The protected retinal function in ac-YVAD-cmk-treated mice was reflected by significantly 

increased photoreceptor row counts (Figure 5.2F), and a decreased number of TUNEL+ cells 

in the ONL (Figure 5.2G), compared to controls. Representative confocal images of retinas 

from DMSO-injected mice (Figure 5.2H), and ac-YVAD-cmk-treated mice (Figure 5.2I) depict 

these results. 

 

In addition to reduced cell death, CASP-1 inhibition via daily systemic administration of 

ac-YVAD-cmk resulted in significantly reduced total (Figure 5.2J) and subretinal (Figure 

5.2K) IBA-1+ cell counts, in the outer retina. There was however, no change in total IL-1β 

protein levels in retinal lysates between these groups, as measured by ELISA (Figure 5.2L). 

Representative confocal images show high expression of IBA-1+ cells in retinas of DMSO-

injected mice (Figure 5.2M), compared to ac-YVAD-cmk-treated mice (Figure 5.2N). Taken 

together, these results provide evidence that systemic inhibition of CASP-1 can slow the 

progression of photo-oxidative damage-induced retinal degenerations. 
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Figure 5.2: Systemic inhibition of CASP-1 reduces local inflammation and photoreceptor 
cell death, and improves retinal function. 

A-B Efficacy of ac-YVAD-cmk as an inhibitor of CASP-1. (A) Representative western blots 

showing bands of 42kDa for pro-CASP-1, 22kDa for active-CASP-1, 35kDa for pro-IL-1β and 

17kDa for active-IL-1β in BMDM cell lysates stimulated with LPS/ATP, with reduced or 

absent expression of these inflammasome components in cells pre-treated with CASP-1 

inhibitor ac-YVAD-cmk. (B) Total IL-1β levels were significantly increased in the supernatant 

of BMDM stimulated with LPS/ATP, and reduced to baseline levels when pre-treated with ac-

YVAD-cmk, as measured by ELISA (P<0.05, N=4-5). C-D Effect of intraperitoneal injection 

of ac-YVAD-cmk on the retina in PD-induced retinal degeneration. Following 5 days PD, mice 

treated systemically with ac-YVAD-cmk had significantly higher retinal function than DMSO-

injected controls for both (C) a-wave and (D) b-wave response (P<0.05, N=11).  E-L Effect of 

systemic treatment with ac-YVAD-cmk on inflammation and photoreceptor cell death. (E) 

Inflammasome genes in retinal lysates from PD mice injected with ac-YVAD-cmk or DMSO 

were measured using qRT-PCR. Genes downstream and including Casp-1 (Casp-1, Il-1β, Il-

18, Gsdmd) were significantly decreased in CASP-1-inhibited mice compared to controls 

(P<0.05, N=4-5), while genes upstream, Nlrp3 and Asc, were unchanged between these groups 

(P>0.05, N=4-5). (F) CASP-1 inhibited mice had significantly more photoreceptor rows 

(P<0.05, N=4-5), and (G) significantly fewer TUNEL+ cells in the ONL (P<0.05, N=4-5), than 

DMSO-injected controls. Representative confocal images show ONL thickness and TUNEL+ 

cells in the ONL of (H) DMSO-injected and (I) CASP-1-inhibited mice following PD. CASP-

1-inhibited mice had significantly fewer (J) total and (K) subretinal IBA-1+ 

microglia/macrophages in the outer retina than DMSO-injected controls following PD (P<0.05, 

N=4-5), however (L) there was no difference in the levels of total retinal IL-1β protein as 

measured by ELISA, between these groups. (P>0.05, N=4-5). Representative confocal images 
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show an increased number of IBA-1+ cells in the outer retina of (M) DMSO-inhibited mice 

compared (N) mice injected with ac-YVAD-cmk. Scale bar = 50µM. 
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5.4.3. Retinal degeneration induced by photo-oxidative damage occurs 
independently of IL-18. 

While results from this work, and our previous publication confirm the involvement of 

CASP-1 in mediating retinal degeneration-induced by photo-oxidative damage, the mechanism 

by which this occurs is still unclear. As a downstream product of CASP-1 activation, the role 

of pro-inflammatory cytokine IL-18 in photo-oxidative damage-induced retinal degenerations 

was investigated. Retinal function of WT and Il-18-/- mice was assessed using ERG, however, 

no change was observed in dim-reared (Figure 5.3A and B), or photo-oxidative damage 

conditions (Figure 5.3C and D) between these groups. In addition, we observed no significant 

difference in the number of photoreceptor rows (Figure 5.3E), or total TUNEL+ cell counts in 

the ONL (Figure 5.3F), between these groups. Representative confocal images depict these 

results (Figure 5.3G-H). Retinal inflammation was also measured however, there was no 

significant change in the number of total (Figure 5.3I) or subretinal (Figure 5.3J) IBA-1+ cell 

counts in the outer retina between WT and Il-18-/- mice. In addition, there was no difference in 

IL-1β protein levels measured by ELISA (Figure 5.3K) between these groups. Representative 

confocal images show the presence of IBA-1+ cells in the retina of both WT and Il-18-/- mice 

following 5 days of photo-oxidative damage (Figure 5.3L-M). Taken together these results 

indicate that CASP-1 cleavage product, IL-18, does not mediate photoreceptor cell death in the 

retina in response to photo-oxidative damage. 
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Figure 5.3: Retinal degeneration induced by photo-oxidative damage occurs 
independently of IL-18 

A-D Retinal function was measured before (DR) and after 5 days PD in WT and Il-18-/- mice 

using ERG. No change in retinal function was observed between WT and Il-18-/- mice in DR 

conditions for either (A) a-wave and (B) b-wave (P>0.05, N=5) responses. Further, there was 

also no difference in ERG responses between these groups for (C) a-wave or (D) b-wave 

measures, following 5 days PD (P>0.05, N=8). E-H The effect of Il-18 deficiency on 

photoreceptor cell death. (E) There was no significant difference in the number of 

photoreceptor rows, or (F) TUNEL+ cell counts in the ONL between Il-18-/- PD mice and WT 

controls (P>0.05, N=8). Representative confocal images show ONL thickness and TUNEL+ 

cells in the ONL of (G) WT and (H) Il-18-/- PD mice. I-M The effect of Il-18 deficiency on 

inflammation in the retina following PD. No significant difference was seen in the number of 

(I) total, or (J) subretinal IBA-1+ microglia/macrophages in the outer retina between Il-18-/- and 

WT mice (P>0.05, N=8). (K) Further, there was no change in retinal IL-1β protein levels as 

measured by ELISA between these groups (P>0.05, N=8). Representative confocal images 

show the presence of IBA-1+ microglia/macrophages in (L) WT and (M) Il-18-/- PD mice. Scale 

bars = 50µM.  
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5.4.4. Loss of IL-1R1 is associated with microglial recruitment and photoreceptor 
cell death in the degenerating retina. 

IL-1β, as a product of CASP-1 activation, is well established in the pathogenesis of retinal 

degenerative diseases67. However, the role of IL-1R1, the receptor for both IL-1α and IL-1β is 

less clear. Retinal function of WT and Il-1r1-/- mice was assessed before (dim-reared) and after 

5 days of photo-oxidative damage. No change in retinal function was observed between WT 

and Il-1r1-/- mice in dim-reared (Figure 5.4A and B), or photo-oxidative damage (Figure 5.4C 

and D) conditions. Photoreceptor survivability was subsequently measured using a TUNEL 

assay and photoreceptor row counts.  We observed significantly reduced levels of 

photoreceptor row counts (Figure 5.4E), and significantly increased levels of TUNEL+ cell 

counts in the ONL (Figure 5.4F), in Il-1r1-/- mice compared to WT controls following 5 days 

of photo-oxidative damage, as shown by representative confocal images (Figure 5.4G-H). 

Further, there were significantly increased total (Figure 5.4I) and subretinal (Figure 5.4J) IBA-

1+ cells in the outer retina in Il-1r1-/- mice compared to WT controls, but no difference in IL-

1β protein levels (Figure 5.4K). Representative confocal images show the increased presence 

of IBA-1+ cells in the retina of Il-11r-/- mice following 5 days of photo-oxidative damage 

compared to controls (Figure 5.4L-M). Overall these results demonstrate that Il-1R1 does not 

play a role in retinal degeneration-induced by photo-oxidative damage, but may play a minor 

protective role against damage. 
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Figure 5.4: Loss of IL-1R1 is associated with microglial recruitment and photoreceptor 
cell death in the degenerating retina. 

A-D Retinal function was measured before (DR) and after 5 days PD in WT and Il-1r1-/- mice 

using ERG. No change in retinal function was observed between WT and Il-1r1-/- mice in DR 

conditions for either (A) a-wave and (B) b-wave (P>0.05, N=5) responses. Further, there was 

also no difference in ERG responses between these groups for (C) a-wave or (D) b-wave 

measures, following 5 days PD (P>0.05, N=9). E-H The effect of Il-1r1 deficiency on 

photoreceptor cell death. (E) There were significantly decreased photoreceptor rows, and (F) 

significantly increased TUNEL+ cell counts in the ONL of Il-1r1-/- PD mice compared to WT 

controls (P<0.05, N=9). Representative confocal images show increased photoreceptor 

survivability in (G) WT PD mice compared to (H) in mice with Il-1r1 deficiency (H). I-M The 

effect of Il-1r1 deficiency on inflammation in the retina following PD. Il-1r1 deficiency 

resulted in a significant increase in the number of (I) total, and (J) subretinal IBA-1+ 

microglia/macrophages in the outer retina compared to WT mice (P<0.05, N=9). (K) However, 

there was no change in retinal IL-1β protein levels as measured by ELISA between Il-1r1-/- 

mice and WT controls (P>0.05, N=9). Representative confocal images show the presence of 

IBA-1+ microglia/macrophages in (L) WT and (M) Il-1r1-/- PD mice, with increased IBA-1+ 

cells seen in Il-1r1-/- retinas. Scale bars = 50µM.  
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5.4.5. Pyroptotic pore Gasdermin D mediates retinal degeneration. 

Following cleavage by Caspase-1, GSDMD forms a pyroptotic pore on the cell membrane 

resulting in inflammatory cell death. To date this process is largely uncharacterized in the 

retina, and its role in retinal degenerations is unknown. Therefore, we investigated the potential 

role of GSDMD in photo-oxidative damage-induced retinal degenerations using Gsdmd-/- mice. 

The retinal function of WT and Gsdmd-/- mice was assessed during dim-reared conditions and 

after 5 days of photo-oxidative damage. Results showed that dim-reared Gsdmd-/- mice had 

slightly reduced retinal function for both a-wave and b-wave responses compared to WT 

controls (Figure 5.5A and B), however, following photo-oxidative damage, Gsdmd-/- mice had 

significantly higher a- and b-wave retinal responses than WT photo-oxidative damaged mice 

(Figure 5.5C and D). The protected retinal function in Gsdmd-/- mice was reflected by 

significantly increased photoreceptor row counts (Figure 5.5E), and decreased numbers of 

TUNEL+ cells in the outer retina (Figure 5.5F). Representative confocal images demonstrate 

increased TUNEL+ cells and ONL thinning in WT mice (Figure 5.5G), compared to Gsdmd-/- 

mice (Figure 5.5H).  

 

 Retinal inflammation was also measured in WT and Gsdmd-/- mice following photo-

oxidative damage. Gsdmd-/- mice were found to have significantly reduced total (Figure 5.5I) 

and subretinal (Figure 5.5J) IBA-1+ cells in the outer retina compared to controls, and in 

addition, had significantly reduced levels of total IL-1β protein measured by ELISA (Figure 

5.5K). Representative confocal images show the reduced presence of IBA-1+ cells in the retina 

of Gsdmd-/- mice following 5 days of photo-oxidative damage compared to WT controls 

(Figure 5.5L-M). Overall these results support a role for pyroptotic pore protein GSDMD in 

mediating photo-oxidative damage-induced retinal degeneration. 
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Figure 5.5: Pyroptotic pore Gasdermin D mediates retinal degeneration. 

A-D Retinal function was measured before (DR) and after 5 days PD in WT and Gsdmd-/- mice 

using ERG. Gsdmd-/- mice had a significantly lower retinal function in DR conditions 

compared to WT controls, for both (A) a-wave and (B) b-wave (P<0.05, N=5). However, 

following 5 days PD, retinal function in Gsdmd-/- mice was significantly higher than WT PD 

controls for both (C) a-wave and (D) b-wave responses (P<0.05, N=7). E-H The effect of 

Gsdmd deficiency on photoreceptor cell death. (E) Gsdmd-/- PD mice had significantly 

increased photoreceptor rows, and (F) significantly decreased TUNEL+ cell counts in the ONL, 

compared to WT controls (P<0.05, N=7). Representative confocal images show decreased 

photoreceptor survivability in (G) WT PD mice compared to (H) Gsdmd-/- mice. I-M The effect 

of Gsdmd deficiency on inflammation in the retina following 5 days PD. Gsdmd deficiency 

resulted in a significant decrease in (I) total, and (J) subretinal IBA-1+ microglia/macrophages 

in the outer retina compared to WT mice (P<0.05, N=7). (K) In addition, there was a significant 

reduction in retinal IL-1β protein levels as measured by ELISA in Gsdmd-/- mice compared to 

WT controls (P<0.05, N=7). Representative confocal images show the increased presence of 

IBA-1+ microglia/macrophages in (L) WT PD mice compared to (M) Gsdmd-/- PD mice. Scale 

bars = 50µM.  
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5.4.6. Gasdermin D dependent secretion of s-mEV may contribute to retinal 
degenerations. 

Given the above results, we subsequently investigated the mechanism by which 

GSDMD may be mediating inflammation and retinal cell death in the degenerating retina. 

Firstly, the gene expression of Gsdmd across time in photo-oxidative damage was measured 

using qRT-PCR. Results demonstrated a significant upregulation of Gsdmd in retinal lysates at 

1-, 3-, 5- and 7-days photo-oxidative damage, peaking in expression at 1- and 5- days of 

damage (Figure 5.6A). Further, Gsdmd-/- mice displayed significantly reduced levels of Il-1β, 

C3, Ccl2 and Gfap compared to WT controls following photo-oxidative damage (Figure 5.6B). 

Recent evidence has suggested that GSDMD plays a role in the secretion of exosomes, 

therefore we subsequently investigated the expression of exosome biogenesis genes, Alix, and 

Smpd3. It was found that while there was no change in the expression of the Alix (also known 

as Pdcd6ip), an accessory protein in the ESCRT-dependent biogenesis pathway213 (Figure 

5.6C), there was a significant reduction in the expression of Smpd3, which encodes nSMase2 

in the ESCRT-independent pathway213 in Gsdmd-/- mice, compared to WT controls (Figure 

5.6C). Given the significant reduction in Smpd3 this result suggest that GSDMD may mediate 

the secretion of exosomes produced via the ESCRT-independent biogenesis pathway. 

Therefore, finally, we investigated the GSDMD-dependent secretion of exosomes by isolating 

and quantifying s-mEV from BMDM from WT and Gsdmd-/- mice. Results showed that under 

control conditions there was no difference in the concentration of secreted s-mEV from WT or 

Gsdmd-/- BMDM (Figure 5.6D). However following LPS/ATP stimulation, there were 

significantly reduced levels of s-mEV secreted from Gsdmd-/- BMDM compared to WT 

controls (Figure 5.6D). This effect was further seen after 24 hours of recovery following 

LPS/ATP stimulation (Figure 5.6D). Taken together these results suggest that GSDMD may 

mediate the increased secretion of s-mEV including exosomes in phagocyte populations in the 

retina, which may contribute to the pathogenesis of retinal degenerations.   
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Figure 5.6: Gasdermin D dependent secretion of s-mEV may contribute to retinal 
degenerations. 

A Retinal Gsdmd expression, as measured by qRT-PCR, was significantly upregulated 

across time in photo-oxidative damage, peaking in expression at 1 and 5 days PD (P<0.05, 

N=6). B Retinal expression of inflammatory genes, as measured by qRT-PCR, was investigated 

in WT and Gsdmd-/- mice following photo-oxidative damage. The expression of Il-1β, C3, Ccl2 

and Gfap were significantly downregulated in Gsdmd-/- mice compared to WT controls 

(P<0.05, N=5). C The expression of Smpd3 but not Alix, as measured by qRT-PCR, was 

significantly reduced in retinal lysates from Gsdmd-/- PD mice, compared to in WT controls 

(P<0.05, N=5). D s-mEV concentration measured using nanoparticle tracking analysis was 

significantly reduced in the supernatant of BMDM from Gsdmd-/- mice compared to WT 

controls, following stimulation with LPS/ATP (P<0.05, N=6). This effect was also seen 

following 24 hours recovery (P<0.05, N=6). * Unpaired Student t test, # one-way analysis of 

variance (ANOVA). 
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5.5. Discussion 
Results from this work demonstrate the therapeutic efficacy of CASP-1 inhibition in 

the degenerating retina. While single intravitreal injections of Casp-1 siRNA or ac-YVAD-

cmk prior to damage onset were found to be insufficient in protecting the retina against photo-

oxidative damage, systemic daily administration of ac-YVAD-cmk conferred retinal 

protection, preserving retinal function and reducing inflammation and cell death. We further 

demonstrated using inflammasome knock-out mice that retinal damage mediated by CASP-1 

occurred in a GSDMD-dependent manner, but was independent of IL-18 and IL-1R1. Finally, 

preliminary evidence from this study highlighted a GSDMD-dependent secretion of s-mEV, 

including exosomes, may contributes to the retinal inflammatory response during damage. 

Taken together we reveal that therapeutic targeting of CASP-1 confers retinal protection via 

the inhibition of pro-inflammatory molecule signalling pathways. 

 

5.5.1. Caspase-1 inhibition in retinal degenerations: 

Caspase-1 is regarded as a key mediator of inflammation, forming an essential part of 

inflammasome complexes 158,159. Caspase-1 has been implicated in the pathogenesis of retinal 

degenerative diseases, reported to be upregulated following light-induced retinal 

damage19,361,369 and in models of inherited retinal degeneration369,398, diabetic retinopathy368 

and geographic atrophy 17,124,399. High levels of CASP-1 have been found in retinal lysates of 

diabetic patients368, and in the vitreous400 and peripheral blood mononuclear cells 401 of patients 

with diabetic retinopathy. In addition, cell culture models report increased expression of CASP-

1 following stimulation with agents known to be implicated in retinal 

degenerations11,17,64,125,127,402. Furthermore, mice deficient in CASP-1 demonstrate reduced 

levels of cell death and inflammation17,19,403.  
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Given this strong association, therapeutic targeting of Caspase-1 has been the subject 

of many investigations361,368,370,400. Studies report significant protection against pathological 

features such as retinal functional decline361,370, microglia/macrophage recruitment and 

activation404-406, IL-1β secretion 368,370, and cell death361,368 including pyroptosis400. Findings 

from our work are in line with these results, demonstrating reduced functional loss, 

inflammation and photoreceptor cell death in mice treated with daily systemic injections of ac-

YVAD-cmk during photo-oxidative damage. Unlike systemic administration, intravitreal 

delivery of both Casp-1 siRNA or ac-YVAD-cmk however did not confer retinal protection. 

We hypothesise that due to the large and progressive increase in CASP-1 expression over the 

course of photo-oxidative damage as reported by our group previously19, the single local dose 

prior to damage was not sufficient to inhibit CASP-1-dependent inflammatory cascades 

throughout the damage paradigm. We suggest that as CASP-1 is likely to be localized to 

microglia/macrophage cell populations66,401, daily irreversible inhibition of CASP-1 in the 

systemic circulation may reduces microglia/macrophage activation prior to entry into the 

retina, preventing large scale local immune responses. A reduction in microglia/macrophage 

populations was in fact shown in ac-YVAD-cmk-inhibited retinas, as well as reduced levels of 

CASP-1 and IL-1β in inflammasome-stimulated BMDM cultures following CASP-1 

inhibition. Further investigations into the modulatory actions of this pharmacological agent in 

vitro however, would be necessary to determine its potential role in immune cell activation 

states.  

 

The secretion of IL-1β is the most well characterized output of CASP-1 activation in 

the retina, and has been shown in cell culture, animal models, as well as human studies; to have 

strong associations with the pathogenesis of retinal degenerative diseases (reviewed in 67). IL-

1β mediates its effects through binding to interleukin-1 receptor 1 (IL-1R1)67, which in the 
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retina has been localized to astrocytes, endothelial cells, some Müller glia and OFF bipolar 

cells 18,407.  As many pharmacological inhibitors target IL-1R1 to block IL-1β-mediated 

inflammation, we investigated the role of this receptor in photo-oxidative damage induced 

degeneration using Il-1r1-/- mice. Results conversely demonstrated a protective or essential role 

for IL-1R1 in retinal homeostasis in this model, with significantly reduced photoreceptor 

survivability and increased levels of microglia/macrophages in the outer retina and subretinal 

space in Il-1r1-/- mice compared to controls. However, we did not observe a change in retinal 

function between dim-reared or photo-oxidative damage WT and Il-1r1-/- mice, nor any 

difference in retinal IL-1β levels in degeneration.  

 

IL-1α is also a ligand for IL-1R1, however unlike IL-1β, is constitutively expressed in 

both hematopoetic and non-hematopoetic cells, and can bind to IL-1R1 in its pro- and active 

forms 408. While the role of IL-1α in the normal and healthy retina are unclear, it has been 

reported to induce the activation of the NLRP3 inflammasome, and serve as an ‘alarmin’ signal, 

secreted from dying or stressed RPE cells; thus serving to augment inflammation cascades 67. 

We hypothesise that inhibition or knockout of IL-1R1 may therefore interfere with required 

IL-1α-dependent pathways during development, in homeostasis, or in degeneration, which 

could explain the contradictory results obtained in this study. 

 

Suppression or pharmacological inhibition of IL-1R1 in other models of retinal 

degeneration has as well shown variable results. The use of recombinant IL-1R antagonist 

Kineret or IL-1R1 inhibitor Anakinra significantly reduced choroidal neovascularization 

(CNV) lesion sizes following laser-induced injury in mice 409, and rats 410, however had no 

effect on preventing macrophage recruitment to the lesion site 409. However, results by Doyle 

et al. (2012) using the same model reported no change in lesion size or subretinal hemorrhage 
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in Il-1r1-/- mice compared to WT controls124. In a different model of wet-AMD, Il-1r1 

deficiency in a mouse strain with high levels of vascular endothelial factor A (VEGFAhyper), 

resulted in decreased numbers of CNV lesions compared to WT controls 155.  

 

While potentially protective in models of wet-AMD, IL-1R1 inhibition in WT rats and 

Cx3cr1-/- mice, a naturally degenerating mouse model, prior to 12 hours light-induced 

degeneration, did not exert any effects410. A small level of protection was demonstrated 

following 4 days of green LED light exposure, with decreased levels of TUNEL+ cells in the 

ONL in Kineret-treated Cx3cr1-/- mice compared to controls 411. Conflicting results from these 

studies along with results from this work present a complex role for IL-1R1 in retinal 

degenerations, a fact that is also reflected in the use of IL-1R1 inhibitors in patients as reviewed 

in 389. 

Taken together, results from this work identify Caspase-1 as a key therapeutic target 

for the treatment of retinal degenerations. However, while downstream targets IL-18 and IL-

1R1 did not appear to play key pathogenic roles in mediating photo-oxidative damage-induced 

degeneration, pyroptotic pore protein Gasdermin D was shown to be a likely contributor to 

Caspase-1-mediated inflammation in the retina. 

5.5.2. Gasdermin D in retinal degenerations: 

GSDMD is regarded as pyroptotic executioner protein, as following inflammasome 

stimulation and cleavage by CASP-1, GSDMD pore formation results in cell lysis and the 

expulsion of pro-inflammatory cytokines IL-1β and IL-18. As inflammasome pathways and 

IL-1β and IL-18 have been strongly implicated in the pathogenesis of multiple retinal 

degenerative diseases, including AMD, it appears likely that GSDMD would be involved in 

disease pathogenesis and represents a potential therapeutic target. Results from this work 

strongly support a role for GSDMD in the pathogenesis of retinal degenerations, with Gsdmd-
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/- mice demonstrating preserved retinal function, and increased photoreceptor survivability 

compared to WT controls, following 5 days photo-oxidative damage. Further, the number of 

microglia/macrophages in the outer retina and subretinal space was significantly reduced in 

GSDMD-deficient mice, along with reduced levels of IL-1β.  

 

Other studies support this role for GSDMD-mediated cell death in the retina, with 

Pronin et al., (2019), demonstrating using an ocular hypertension (OHT) model of retinal 

degeneration, that GSDMD was upregulated in the inner nuclear layer (INL) and ganglion cell 

layer (GCL). This upregulation increased over damage coinciding with retinal ganglion cell 

(RGC) death78. OHT-induced retinal degeneration was further associated with increased 

expression of inflammasome components NLRP3, NLRP1, AIM2, CASP-1 and Il-1β, the 

expression of which significantly decreased, along with RGC death, in Casp-1-/- mice78. Results 

from our study, and previous work 19, also demonstrate increased expression of Gsdmd across 

photo-oxidative damage, with a reduction in cell death, IL-1β protein and gene levels and 

Gsdmd gene expression in Casp-1-/- and CASP-1 pharmacologically inhibited mice.  

 

Increased expression of cleaved-GSDMD was also demonstrated in the RPE of Long-

Evans rats following intravitreal delivery of amyloid beta (aβ)77, an activator of NLRP3 

inflammasome pathways found in drusen. High vitreous levels of IL-1β, and significant 

upregulation of CASP-1 and IL-18 protein in the RPE were also demonstrated in the aβ-

injected group compared to controls77. In addition, GSDMD levels have also been found in the 

RPE of patients with geographic atrophy 395. Finally, mice deficient in GSDMD were found to 

be resistant to Alu RNA-induced RPE degeneration 394,395, with pathologies suggested to occur 

via IL-18-secretion. This finding contradicts with results from our study, finding no 

involvement for IL-18 in photo-oxidative damage-induced retinal degeneration. However, we 
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suggest that these differences are model-dependent, with the degeneration model employed in 

our study characterized by focal photoreceptor cell death, compared to RPE-induced 

degeneration as shown by Kerur et al (2018)395. Conversely again, IL-18 has been suggested 

to be protective in wet-AMD models 124,149, with its main reported role being as a mediator of 

neovascularization and angiogenesis67. 

  

Recently, alternative mechanisms for IL-1β release have been explored,  with Evavold 

et al, (2018) reporting a non-pyroptotic role for GSDMD in IL-1β secretion412. The authors of 

this work proposed that GSDMD pore formation in ‘hyperactivated’ live phagocytes could 

mediate the controlled release of intracellular IL-1 cytokines independent of pyroptosis 412-414.  

Further, Monteleone et al, (2018) suggest that IL-1β could be secreted from resting, non-

pyroptotic phagocytes in a CASP-1-dependent but GSDMD-independent manner 415. It was 

proposed in this work that following cleavage by CASP-1, active-IL-1β relocated to the plasma 

membrane through charge based interactions with highly negative phospholipid-

enriched plasma membrane ruffles, allowing it to be slowly released into the extracellular 

space 415. A deeper exploration of GSDMD-dependent secretion of IL-1β in the retina during 

degeneration is necessary to elucidate the potential contribution of these mechanisms to retinal 

inflammation and cell death.  Further, in addition to its function as pyroptosis effector protein, 

GSDMD has most recently been suggested to play a role in the pro-inflammatory secretion of 

small extracellular vesicles including exosomes138.  

5.5.3. Exosomes in inflammation: 

Exosomes are small extracellular vesicles (EV) (40-150nm in diameter) 213,217,416 that 

mediate homeostasis and immune modulation through the transfer of genetic contents from 

host to recipient cells24,208,209,220,221,417. It is proposed that the formation of pyroptotic pores 

triggers changes in the transmembrane potential of the cell and enhances ion fluxes across the 
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cell membrane initiating exosome release138 (Figure 5.7). In the retina the role of GSDMD-

dependent exosome secretion has not been investigated. As GSDMD has been localized to 

phagocyte populations412,415, the GSDMD-dependent secretion of exosomes was investigated 

using BMDM derived from both WT and Gsdmd-/- mice. We demonstrate in this work that in 

GSDMD-deficient mice, s-mEV secretion was significantly reduced compared to WT controls. 

This was shown in cells directly following stimulation with LPS/ATP, a known inflammasome 

activator, as well as 24 hours later, but not in unstimulated controls for either group. Further, 

given the significant downregulation of exosome biogenesis gene Smpd3 in Gsdmd-/- mice we 

propose that exosomes likely contribute to the s-mEV population isolated from BMDM cells. 

We therefore suggest that GSDMD plays a role in s-mEV secretion including exosomes, in the 

retina, and that this secretion may contribute to disease pathogenesis. In fact, previous work by 

this group has demonstrated an immuno-modulatory role for s-mEV/exosomes in the retina, 

with the increased presence of microglia/macrophage populations in the inner retina and 

increased levels of cell death in exosome-inhibited mice20 . Investigations into GSDMD-

dependent s-mEV/exosome secretion in the retina would further aid in understanding the 

molecular mechanisms by which inflammatory pathways contribute to the progression of 

retinal degenerative diseases. 
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Figure 5.7: Representative diagram depicting Gasdermin D mediated exosomal 

communication following inflammasome activation in macrophages.  

A) In normal homeostatic conditions, resting macrophages package nucleic acids including 

miRNA and protein into exosomes. Exosomes are subsequently transported via multivesicular 

bodies (MVB) to the cell membrane where they are released into the extracellular environment 

and can play a role in cell-to-cell communication. B) However following inflammasome 

activation, inflammasome-dependent Gasdermin D pores form on the cell membrane, 

increasing ionic fluxes and altering the transmembrane potential. This ultimately results in the 

increased secretion of exosomes containing differentially expressed miRNA and other nucleic 

acids into the extracellular space. These released exosomes are targeted to both local and distant 

(systemic) recipient cells, where they can regulate or propagate inflammation far from the site 

of initial activation.   
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5.6. Conclusion 

Inflammation is a major contributor to the onset and progression of retinal degenerative 

diseases. As a key executioner of inflammatory pathway activation and cytokine release, 

Caspase-1 represents an ideal therapeutic target to combat the spread of inflammation and cell 

death that characterises these diseases. We demonstrate that CASP-1 inhibition via the use of 

ac-YVAD-cmk preserves retinal function, and reduces inflammation and cell death, and elude 

to GSDMD as being an important mediator of CASP-1-dependent inflammation. We show 

evidence that in addition to the release of pro-inflammatory cytokines, that GSDMD may 

propagate inflammation through the retina via the secretion of s-mEV likely containing 

exosomes, from microglia/macrophage populations during damage. Developing effective 

therapeutics to target CASP-1 could therefore be useful in slowing the progression of retinal 

degenerations by preventing the cleavage, activation and secretion of pro-inflammatory 

cytokines, and therefore have greater potential in dampening inflammasome-mediated 

inflammatory cascades and cell death in the retina.  
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6. Results 
Small-medium extracellular vesicles and their miRNA cargo in retinal health and 
degeneration: mediators of homeostasis, and vehicles for targeted gene therapy. 

This chapter is presented as the following publication (* denotes equal first author):  

Wooff Y*, Cioanca AV*, Chu-Tan JA, Aggio-Bruce R, Schumann U and Natoli R., 2020. Small-Medium 
Extracellular Vesicles and Their miRNA Cargo in Retinal Health and Degeneration: Mediators of Homeostasis, 
and Vehicles for Targeted Gene Therapy. Front. Cell. Neurosci. 14:160. doi: 10.3389/fncel.2020.00160  

The candidate has made a major contribution as a first author to this study (generating 50% of 
the data and preparing the manuscript for publication).  
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6.1. Abstract:  

Purpose: Photoreceptor cell death and inflammation are known to occur progressively 

in retinal degenerative diseases, however the molecular mechanisms underlying these 

biological processes are largely unknown. Extracellular vesicles (EV) are essential mediators 

of cell-to-cell communication with emerging roles in the modulation of immune responses. 

EVs including exosomes encapsulate and transfer nucleic acids, including microRNA 

(miRNA), to recipient cells which in disease may result in dysfunctional immune responses 

and a loss of homeostatic regulation. In this work we investigated the role of isolated retinal 

small-medium sized EV (s-mEV) which includes exosomes in both the healthy and 

degenerating retina. Methods: Isolated s-mEV from normal retinas were characterized using 

dynamic light scattering, transmission electron microscopy and western blotting, and 

quantified across 5 days of photo-oxidative damage-induced degeneration using nanotracking 

analysis. Small RNAseq was used to characterize the miRNA cargo of retinal s-mEV isolated 

from healthy and damaged retinas. Finally, the effect of exosome inhibition on cell-to-cell 

miRNA transfer and immune modulation was conducted using systemic daily administration 

of exosome inhibitor GW4869 and in situ hybridization of s-mEV-abundant miRNA, miR-

124-3p. Electroretinography and immunohistochemistry was performed to assess functional 

and morphological changes to the retina as a result of GW4869-induced exosome depletion. 

Results: Results demonstrated an inverse correlation between s-mEV secretion and 

photoreceptor cell death, with a decrease in s-mEV numbers following degeneration. Small 

RNAseq revealed that s-mEVs contained uniquely enriched miRNAs in comparison to in 

whole retinal tissue however, there was no differential change in the s-mEV miRNAnome 

following photo-oxidative damage. Exosome inhibition via the use of GW4869 was also found 

to exacerbate retinal degeneration, with reduced retinal function and increased levels of 

inflammation and cell death demonstrated following photo-oxidative damage in exosome-
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inhibited mice. Further, GW4869-treated mice displayed impaired translocation of 

photoreceptor-derived miR-124-3p to the inner retina during damage. Conclusions: Taken 

together, we propose that retinal s-mEV and their miRNA cargo play an essential role in 

maintaining retinal homeostasis through immune-modulation, and have the potential to be used 

in targeted gene therapy for retinal degenerative diseases. 
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6.1. Introduction  

Retinal degenerative diseases comprise a heterogeneous group of visual disorders 

associated with neuroinflammation and the progressive death of retinal neurons, often resulting 

in irreversible blindness418. Despite advances in understanding the pathogenesis and 

progression of retinal degenerative diseases 3,21,22, the precise molecular mechanisms that 

propagate retinal inflammation and subsequent cell death remain unknown. The study of 

extracellular vesicles (EV), including exosomes, might provide greater clarity in unpicking 

these mechanisms given their role as endogenous modulators of biological processes, including 

in inflammation 417, and intracellular communication pathways 24,220,221. 

 

EV are small membrane-enclosed delivery vehicles which have been widely 

investigated for their vital role in mediating cell-to-cell communication in both healthy as well 

as diseased states24,220,221. Exosomes, the smallest EV fraction (40-200nm in diameter) 

213,217,416,419, in particular, have recently been implicated in the pathogenesis of retinal 

degenerative diseases. These include Age-Related Macular Degeneration (AMD)228,420-422, 

Diabetic Retinopathy 423, and Retinitis Pigmentosa 424.   

 

Exosomes are released by nearly all cell types and are formed via the endocytic 

pathway, with the invagination of the endosomal membrane allowing intraluminal vesicle 

formation in multivesicular bodies (MVB) 219. Biogenesis occurs either in an endosomal 

sorting complex required for transport (ESCRT)-dependent or ESCRT-independent manner 

228,229, the latter of which can be blocked using GW4869, a non-competitive inhibitor of neutral 

sphingomyelinase 2 (nSMase2) – the key enzyme for generating exosomes via the ESCRT-

independent pathway232. Following biogenesis, the MVB fuses with the host cell plasma 

membrane and releases the internalized exosomes into the extracellular environment 210,213,219. 
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From here, exosomes can travel to nearby or distant target cells, often through biological fluids 

such as blood 425, to exert their biological effects 210,211,426. As exosomes selectively incorporate 

proteins, mRNA and non-coding RNA such as microRNA (miRNA) from their host cell 

(reviewed in 210,211), the transfer of exosomal contents can alter the environment of target 

recipient cells. In a healthy state, the  transfer of exosomal nucleic acid contents, including 

miRNA, is required for homeostatic maintenance 208,209. However, in disease, aberrations to 

this process or the selective encapsulation of toxic proteins and/or dysregulated miRNA, can 

cause progressive inflammation 242,243.  

 

MiRNA have been labelled as ‘master regulators’ of gene expression, due to their 

ability to target and repress multiple genes within and across different biological pathways 203. 

This regulatory power makes them ideal therapeutic and diagnostic molecules 201, in particular 

to combat dysregulated immune responses, such as those occurring in retinal degenerations 

202,203. MiRNA have been reported to be enriched in exosomes over their host cells, suggesting 

that they are selectively incorporated to serve a dynamic, fast-response biological need 206,207.  

 

The biological importance of exosomes and exosomal-miRNA (exoMiR) is reflected 

by their association with a range of inflammatory138,427, autoimmune241,428 and 

neurodegenerative diseases 392,393,429. These include diabetes 430, rheumatoid arthritis 431-433, and 

Alzheimer’s and Parkinson’s disease242,429,434,435. ExoMiR have been reported to play 

pathogenic roles in these diseases by promoting angiogenesis 436,437, and modulating immune 

responses, including in the recruitment of immune cells 419,427,438-441; features that contribute to 

cell death. To date however, the identification and role of exosomes and their miRNA cargo in 

the retina in both healthy and diseased states, is largely unexplored 228,422. While small 

extracellular vesicle fractions isolated following high speed >100,000xg ultracentrifugation 
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and expressing tetraspanin markers CD9, CD63 and CD81 (such as those isolated in this work) 

are commonly referred to as exosomes, without evidence of endosomal origin and in complying 

with MISEV 2018 guidelines 386, are herein referred to as small-to-medium EV, or s-mEV. In 

reference to other works, EV terminology will be referred to as published in the original papers.  

 

Characterizing the role of s-mEV and their miRNA cargo in both the normal and 

degenerating retina will aid in elucidating novel cell-to-cell communication pathways that 

could play a role in propagating inflammation during retinal degenerative diseases. 

Furthermore, uncovering the miRNA signature within retinal s-mEV as well as their potential 

binding partners may reveal novel regulatory mechanisms underpinning retinal degenerations, 

ultimately leading to the discovery of therapeutic targets. This study characterizes for the first 

time, retinal-derived s-mEV from both the healthy and degenerating mouse retina using a 

previously established model of photo-oxidative damage-induced retinal degeneration 273. 

Photo-oxidative damage models such as the one employed in this study accurately replicate 

key pathological changes seen in AMD, including the upregulation of oxidative stress and 

inflammatory pathways, progressive centralized focal photoreceptor cell loss and 

microglial/macrophage recruitment and activation 272,273,280,281. 

 

We show that s-mEV secretion is inversely correlated to photoreceptor cell death, with 

the severity of retinal degeneration directly correlating to decreased retinal s-mEV numbers. 

We used small RNAseq to characterize the miRNA cargo of retinal s-mEV (exoMiR). 

Although we demonstrated that there was no change in s-mEV miRNA-cargo in response to 

retinal degeneration, we found that s-mEVs contain a set of uniquely enriched miRNAs. 

Further, we show that miRNA contained in retinal s-mEV were associated with the regulation 

of inflammatory, cell survival and motility pathways. Upon systemic exosome inhibition using 
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GW4869, retinal function in healthy and photo-oxidative damaged mice was significantly 

reduced compared to controls. In addition, photoreceptor cell death and inflammation were 

significantly increased in GW4869-injected photo-oxidative damaged mice, compared to 

controls. Using in situ hybridization, we further demonstrated that the expression of miR-124-

3p in the inner retina was reduced in GW4869-injected photo-oxidative damaged mice, 

suggesting that miR-124-3p movement could be mediated through s-mEV-dependent 

transport.  

 

Taken together, these results suggest a novel role for s-mEV and s-mEV-miRNA-

mediated cell-to-cell communication in the retina. We demonstrate that maintaining and 

transporting necessary levels of s-mEV cargo is required for normal retinal homeostasis and 

immunomodulation, with insufficient bioavailability of s-mEV potentially leading to 

inflammatory cell death (see Figure 6.10). In addition, this work elucidates downstream 

biological targets of s-mEV-miRNA that are required for retinal homeostatic maintenance, and 

identifies potential miRNA and mRNA therapeutic targets for further investigations. 
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6.2. Materials and Methods 

6.2.1. Animal handling and photo-oxidative damage 

All experiments were conducted in accordance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and with approval from the Australian National 

University’s (ANU) Animal Experimentation Ethics Committee (AEEC) (Ethics ID: 

A2017/41; Rodent models and treatments for retinal degenerations). Adult male and female 

C57BL/6J wild-type (WT) mice (aged between 50-90 postnatal days) were bred and reared 

under 12 h light/dark cycle conditions (5 lux) with free access to food and water. The C57BL/6J 

colony was genotyped for the presence of both the Rpe65450Met polymorphism or the deleterious 

Crb1rd8 mutation using previously published primer sets 284,285. Sequencing for these was 

conducted at the ACRF Biomolecular Resource Facility, ANU. All animals used possessed the 

Rpe65450Met polymorphism but were free of the Crb1rd8 mutation.  Littermate age-matched WT 

mice were randomly assigned to photo-oxidative damage (PD) and dim-reared control (DR) 

groups. Animals in the photo-oxidative damage group were continuously exposed to 100k lux 

white LED light for a period of 1, 3, or 5 days as described previously 273, with the majority of 

experiments conducted for 5 days. Dim-reared control mice were maintained in 12h light (5 

lux)/dark cycle conditions.  

6.2.2. Retinal s-mEV isolation 

Mice were euthanized with CO2 following experimental runs. Either two (from one mouse) 

or four (from two mice - used for high-throughput sequencing) retinas were pooled and 

collected in Hanks Buffered Saline Solution (HBSS, Gibco; Thermo Fisher Scientific, MA, 

USA). Retinas were transferred to 500µL digestion solution ((HBSS containing 2.5mg/mL 

papain (Worthington Biochemical, NJ, USA), 200U DNase I (Roche Diagnostics, NSW, 

AUS), 5µg/mL catalase (Sigma-Aldrich, MO, USA), 10µg/mL gentamycin (Sigma-Aldrich, 
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MO, USA) and 5µg/mL superoxide dismutase (Worthington Biochemical, NJ, USA)) and 

finely chopped using scissors. Retinas were incubated at 37°C for 8 minutes, followed by 20 

minutes at 8°C, to allow for the breakdown of the extracellular matrix and s-mEV release. 

Following digestion, tissue suspensions were neutralized by diluting in 11.5mL of HBSS and 

centrifuged at 1000xg for 10 minutes at 4°C to remove cells and cell debris. The supernatant 

was transferred to 14x89mm Beckman Ultra-Clear ultracentrifuge tubes (Beckman Coulter, 

CA USA) and centrifuged at 10,000xg for 30 minutes at 4°C in a Beckman Coulter Optima 

XE-100 (fitted with a SW41Ti Rotor (Beckman Coulter, CA USA)), to collect large EVs and 

remaining cell debris. The s-mEV-containing supernatant was transferred to new 

ultracentrifuge tubes and centrifuged for 1.5 hours at 150,000xg at 4°C. The supernatant was 

carefully decanted, and the s-mEV pellet resuspended via tituration for 1 minute in 500µL 

Ultrapure Endotoxin-free 0.1M PBS (Thermo Fisher Scientific, MA, USA) and used 

immediately for quantification. 

For RNA isolation, the s-mEV pellet was resuspended immediately in 100µl RNAse A 

(10µg/ml in Ultrapure Endotoxin-free 0.1M PBS) and incubated for 30 minutes at 37°C to 

digest any RNA contamination. Triton X-100 (0.01%) was also added to some pellets in 

combination with RNAse A to verify EV RNA purity. Following RNase treatment, s-mEV 

RNA was extracted using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific, MA, 

USA) as per section 2.2.8. 

6.2.3. s-mEV Characterization 

6.2.3.1. NanoSight 

The size and concentration of s-mEV were measured using nanoparticle tracking analysis 

on a NanoSight NS300 (Malvern Instruments, Malvern, UK). s-mEV samples were diluted 

1:20 (retinal s-mEV) or 1:40 (cell culture s-mEV) in 1ml Ultrapure Endotoxin-free 0.1M PBS 
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to achieve a particle per frame value between 20 and 100. Samples were analyzed under 

constant flow provided by a syringe pump set at a speed of 35 (equating to ~3.1µl/min; 442. A 

total of nine 30s long videos were captured (camera setting: 14) for each sample. The detection 

threshold was set between 4-5 and was not altered between measurements of the same 

experiment. The concentration values, modal and mean sizes were exported to Prism V7 

(GraphPad Software, CA, USA) for statistical analysis and plotting.  

6.2.3.2. Zetasizer 

Dynamic light scattering measurements were performed using a Zetasizer Nano ZS 90 

(Malvern Instruments, Malvern, UK). A 500µL undiluted retinal s-mEV suspension in 

Ultrapure Endotoxin-free 0.1M PBS was prepared, loaded in a low-volume disposable sizing 

cuvette (ZEN0112, Malvern Instruments, Malvern, UK) and agitated before measurements. 

Measurement parameters were set as follows: Material Refractive Index – 1.46, Dispersant 

Refractive Index – 1.330, Viscosity (cP) – 0.888, Temperature (°C) – 25, and Measurement 

Duration (s) – 60. The acquired intensity data was transformed using the General-Purpose 

Model within the Zetasizer analysis software to generate the size distribution of the s-mEV.  

6.2.3.3. Transmission Electron Microscopy (TEM) 

A 30µl retinal s-mEV suspension was placed on a 200-mesh carbon-coated copper grid 

(Sigma-Aldrich, MO USA) and pre-treated with glow discharge using an Emtech K100X 

system (Quorum Technologies, Sussex, UK). After 20 minutes, s-mEV were contrasted with 

2% uranyl acetate solution for 1 minute, followed by 3 washes in 0.22µm filtered PBS (Thermo 

Fisher Scientific, MA, USA). Excess PBS was removed by placing a piece of absorbent paper 

at the edge of the grid. The grids were imaged on a Hitachi 7100 FA transmission electron 

microscope (Hitachi, Tokyo, Japan) at 100kV. The images were captured with a side mounted 
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Gatan Orius CCD camera (Gatan, CA, USA) at 4008x2672 pixels resolution using a 2 seconds 

exposure operated through Gatan Microscopy Suite (Gatan, CA, USA). A total of 20 images 

were captured at 100,000x magnification from four different grids, each containing s-mEV 

isolated from a different retinal s-mEV preparation (2 mouse retinas/preparation). The images 

were imported into ImageJ V2.0 software (National Institutes of Health, Bethesda, MD, USA), 

scale-calibrated and the diameter of approximately 230 s-mEV was measured. The size 

distribution was plotted in a histogram with 20nm wide bins using Prism V7.0 (GraphPad 

Software, CA, USA). 

6.2.3.4. Western blot 

s-mEV pellets (see section 2.4) were immediately lysed in 50µL CellLyticTM Cell Lysis 

Buffer (supplemented with 1:100 protease inhibitor cocktail; Sigma-Aldrich, MO, USA). The 

blot was performed as previously described 72. Briefly,10µg of denatured protein was loaded 

onto Novex 4-20% Tris-Glycine Mini Gels (Thermo Fisher Scientific, MA, USA) and 

subjected to electrophoresis (45 minutes, 150V). The protein bands were transferred (45 

minutes, 20V) to a nitrocellulose membrane (Bio-Rad, CA, USA) using the Power Blotter 

semi-dry system (Thermo Fisher Scientific, MA, USA).  Membranes were then washed in PBS-

Tween (0.025%; PBS-T), blocked in 3% BSA for 1 hour and then incubated overnight at 4°C 

with primary s-mEV marker antibodies CD63, (1:1000, Ts63, Thermo Fisher Scientific, MA, 

USA), CD81 (1:2000, ab109201, Abcam, Cambridge, UK) or CD9 (1:2000, ab92726, Abcam, 

Cambridge, UK). Following three washes in PBS-T, blots were incubated in appropriate 

secondary antibodies, HRP-conjugated Goat Anti-Rabbit IgG (H+L) (1:1000, 170-6515, Bio-

Rad, CA, USA) or Goat-anti-Mouse IgG (1:1000, 170-6516, Bio-Rad, CA, USA) for 2 hours 

at room temperature. Membranes were washed in PBS-T and developed for 2 minutes with 
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ClarityTM Western ECL Substrate (Bio-Rad, CA, USA). Imaging was performed using a 

ChemiDocTM MP Imaging System with Image LabTM software (Bio-Rad, CA, USA). 

6.2.4. Exosome inhibition 

Exosome inhibition was performed using GW4869 (Sigma-Aldrich, MO, USA), a known 

inhibitor of exosome biogenesis and release 443. GW4869 was reconstituted in dimethyl 

sulfoxide (DMSO; Sigma-Aldrich, MO, USA) to a concentration of 5mM and used as a stock 

solution for further dilution in Ultrapure Endotoxin-free 0.1M PBS. Mice were injected with 

1.25mg/kg GW4869 via intraperitoneal (I.P.) injection daily for 5 days. 10.3% DMSO in 

Ultrapure Endotoxin-free 0.1M PBS (corresponding to the final volume of DMSO in GW4869 

preparations) was used as a negative control. All mice were monitored daily for signs of distress 

or sickness.  

6.2.5. Retinal Assessment  

6.2.5.1. Retinal Function via Electroretinography (ERG) 

To assess retinal function full-field scotopic ERG was performed as previously described18. 

Briefly, mice were dark-adapted overnight before being anaesthetized with an intraperitoneal 

injection of Ketamine (100 mg/kg; Troy Laboratories, NSW, Australia) and Xylazil (10 mg/kg; 

Troy Laboratories, NSW, Australia). Both pupils were dilated with one drop each of 2.5% w/v 

Phenylephrine hydrochloride and 1% w/v Tropicamide (Bausch and Lomb, NY, USA). 

 

Anaesthetized and pupil dilated mice were placed on the thermally regulated stage of the 

Celeris ERG system (Diagnosys LLC, MA, USA). The Celeris ERG system has combined 

Ag/AgCl electrode-stimulator eye probes which measure the response from both eyes 

simultaneously, and uses 32-bit ultra-low noise amplifiers fitted with impedance testing. Eye 
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probes were cleaned with 70% ethanol and then a 0.3% Hypromellose eye drop solution 

(GenTeal; Novartis, NSW, AUS) was applied to both probes. The probes were then placed 

covering and just touching the surface of each eye. A single- or twin-flash paradigm was used 

to elicit a mixed response from rods and cones. Flash stimuli for mixed responses were 

provided using 6500K white flash luminance range over stimulus intensities from -0.01 - 

40 log cd s m−2. Responses were recorded and analyzed using Espion V6 Software (Diagnosys 

LLC, MA, USA). Statistics were performed in Prism V7.0 using a two-way analysis of variance 

(ANOVA) to test for differences in a-wave and b-wave responses. Data was expressed as the 

mean wave amplitude ± SEM (µV).  

6.2.5.2. Optical Coherence Tomography (OCT) 

Cross-sectional images of live mouse retinas were taken at 1mm increments from the optic 

nerve using a Spectralis HRA+OCT device (Heidelberg Engineering, Heidelberg, Germany) 

as previously described 273. Eye gel (GenTeal; Novartis, NSW, AUS) was administered to both 

eyes for recovery.  

Using OCT cross-sectional retinal images, and ImageJ V2.0 software (National Institutes 

of Health, Bethesda, MD, USA), the thickness of the outer nuclear layer (ONL), was calculated 

as the ratio to the whole retinal thickness (outer limiting membrane to the inner limiting 

membrane). 

6.2.6. Retinal tissue collection and preparation 

Animals were euthanized with CO2 following functional ERG analysis. The superior 

surface of the left eye was marked and enucleated, then immersed in 4% paraformaldehyde for 

3 hours. Eyes were then cryopreserved in 15% sucrose solution overnight, embedded in OCT 

medium (Tissue Tek, Sakura, Japan) and cryosectioned at 12µm in a parasagittal plane 
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(superior to inferior) using a CM 1850 Cryostat (Leica Biosystems, Germany). To ensure 

accurate comparisons were made for histological analysis, only sections containing the optic 

nerve head were used for analysis. The retina from the right eye was excised through a corneal 

incision and placed into RNAlater solution (Thermo Fisher Scientific, MA, USA) at 4°C 

overnight and then stored at -80°C until further use. 

6.2.7. Immunolabelling 

Immunohistochemical analysis of retinal cryosections was performed as previously 

described 59. Fluorescence was visualized and images taken using a laser-scanning A1+ 

confocal microscope at 20x magnification (Nikon, Tokyo, Japan). Images panels were 

analyzed using ImageJ V2.0 software and assembled using Photoshop CS6 software (Adobe 

Systems, CA, USA). 

6.2.7.1. IBA-1 Immunohistochemistry 

 Immunolabeling for IBA-1 (1:500, 019-19741, Wako, Osaka, Japan) and quantification 

was performed as previously described 59. The number of IBA-1+ cells (a marker of retinal 

microglia and macrophages) was counted across the superior and inferior retina using two 

retinal sections per mouse and then averaged. Retinal cryosections were stained with the DNA-

specific dye bisbenzimide (1:10000, Sigma-Aldrich, MO, USA) to visualize the cellular layers. 

6.2.7.2. TUNEL assay 

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labelling (TUNEL), was used 

as a measure of photoreceptor cell death. TUNEL in situ labelling was performed on retinal 

cryosections using a Tdt enzyme (Cat# 3333566001, Sigma-Aldrich, MO, USA) and 

biotinylated deoxyuridine triphosphate (dUTP) (Cat# 11093070910, Sigma-Aldrich, MO, 
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USA) as previously described 295. Images of TUNEL staining were captured with the A1+ 

Nikon confocal microscope at 20x magnification. The total number of TUNEL+ cells were 

counted including both the superior and inferior retina using two retinal sections per animal, 

and is represented as the average number of TUNEL+ cells per retinal section.  

 

To further quantify photoreceptor survival, the thickness of the ONL on retinal cryosections 

was determined by counting the number of nuclei rows (photoreceptor cell bodies) in the area 

of retinal lesion development (1mm superior to the optic nerve head). Photoreceptor cell row 

quantification was performed five times per retina using two retinal cryosections at comparable 

locations per mouse. The thickness the ONL, inner nuclear layer (INL), and the combined 

ganglion cell layer (GCL)-outer plexiform layer (OPL) thickness were also measured at the 

lesion site on the superior retina, and expressed as a ratio to whole retinal thickness. 

6.2.7.3. In situ hybridization 

Localization of miR-124-3p within the retina was determined by in situ hybridization. A 

double DIG-labelled miR-124-3p miRCURY LNA miRNA Detection Probe (Exiqon, 

Vedbaek, Denmark) was used on retinal cryosections, which were hybridized for 1 hour at 

53°C as previously described 250. The bound probe was visualized using 5-bromo-4-chloro-3 

indoyl phosphate (NBT/BCIP; Sigma-Aldrich Corp., St. Louis, MO, USA). Bright field images 

were captured on the A1+ Nikon confocal microscope fitted with a DS-Ri1-U3 color camera at 

20x magnification and 4076x3116 pixel resolution. All images were centered at the site of 

lesion located approximately 1mm superiorly to the optic nerve head. The images were 

imported into ImageJ V2.0 software, converted to 8-bit format and then the densitometry was 

calculated. Mean grey values were measured at five different locations along the INL, ONL 
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and the outer limiting membrane/photoreceptor inner segment region with background levels 

subtracted prior.  

6.2.8. RNA extraction  

RNA (enriched for miRNA) extraction and purification from retinas or RNase A treated s-

mEV pellets was performed using an acid-phenol:chloroform extraction method with the 

mirVana miRNA Isolation Kit (Thermo Fisher Scientific, MA, USA) according to the 

manufacturer's instructions. The concentration and purity of each RNA sample was assessed 

using the ND-1000 spectrophotometer (Nanodrop Technologies, DE, USA). The size 

distribution and concentration of s-mEV miRNA was further assessed using a 2100 Agilent 

Bioanalyzer with an Agilent Small RNA Kit (Agilent Technologies, CA, USA), according to 

the manufacturers’ instruction.  

6.2.8.1. cDNA synthesis from mRNA and miRNA templates 

Following purification of RNA, cDNA was synthesized from 1µg RNA using either the Tetro 

cDNA Synthesis Kit (Bioline Reagents, London, UK) from an mRNA template, or using the 

TaqMan MicroRNA RT kit (Thermo Fisher Scientific) from a miRNA template, according to 

manufacturers’ instructions. 

6.2.8.2. Quantitative real-time polymerase chain reaction: 

The expression of ESCRT-independent exosome biogenesis pathways genes was measured 

by qRT-PCR. We targeted Pdcd6ip (also known as Alix), which encodes an accessory protein 

in the ESCRT-dependent pathway, and Smpd3, which encodes nSMase2 in the ESCRT-

independent pathway 213. The expression of miR-124-3p was also investigated in retinal lysates 

from exosome-inhibited mice, and controls. The expression of these genes and miRNA was 
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measured using mouse specific TaqMan hydrolysis probes (Table 6.1) and TaqMan Gene 

Expression Master Mix (Thermo Fisher Scientific, MA, USA). Reactions were performed in 

technical duplicates in a 384-well format using a QuantStudio 12 K Flex RT-PCR machine 

(Thermo Fisher Scientific, MA, USA). Data was analyzed using the comparative Ct method 

(ΔΔCt) and results are presented as percent change relative to control. Expression was 

normalized to reference gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) for mRNA, 

and small nuclear RNA U6 for miRNA. 

 

Table 6.1: TaqMan Hydrolysis probes (Thermo Fisher Scientific, MA, USA) used for 

qRT-PCR. 

Gene symbols Gene name Catalogue number 

miR-124a Mmu_miR-124-3p 001182 (assay ID) 

U6 snRNA Small nuclear RNA U6 001973 (assay ID) 

Gapdh Glyceraldehyde-3-Phosphatase Dehydrogenase Mm01536933_m1 

Pdcd6ip Programmed Cell Death 6 Interacting Domain Mm00478032_m1 

Smpd3 Sphingomyelin Phosphodiesterase 3 Mm00491359_m1 

 

6.2.9. Small RNA high-throughput sequencing 

6.2.9.1. Library preparation and sequencing 

cDNA libraries from miRNA-enriched s-mEV RNA samples were prepared by the John 

Curtin School of Medical Research Biomolecular Research Facility (JCSMR, BRF, ACT, 

AUS), using the Capture and Amplification by Tailing and Switching method (CATS RNA-

seq Kit v2 x24, Diagenode Cat# C05010041, Leige, Belgium). 10ng RNA was used as input 

and the dephosphorylation step omitted to select for 3’-OH RNA species (miRNA). The library 

was amplified with 9 PCR cycles and cleaned with 0.9x AMPure® XP beads (A63881, 



 228 

Beckman Coulter, CA, USA) to enrich for DNA fragments shorter than 50nt. Libraries were 

multiplexed and sequenced on a single lane using the Illumina NextSeq500 (Illumina, CA, 

USA) acquiring 50 base-pairs single-end reads. The sequencing depth was between 8 and 15 

million reads/sample with an average phred read quality of 33 (Supplementary Figure 6.3A). 

Sequencing libraries prepared from whole retinal tissue were retrieved from BioProject 

database (PRJNA606092). These libraries were previously prepared by our group using the 

same library construction method, and the same bioinformatic analysis pipeline was applied as 

stated below. 

6.2.9.2. Bioinformatics  

Sequencing reads were initially checked for quality scores, adapter/index content and K-

mer content using FastQC v0.11.8 (Babraham Bioinformatics, Cambridge, UK), then imported 

into Partek® Flow® (Partek Inc, MO, USA) for all subsequent analyses. Base composition 

analysis indicated the presence of an enriched poly-A tail and the CATS template-switching 

nucleotide within the first 3 base-pairs of the reads (Supplementary Figure 6.3B), indicating a 

successful library preparation. A trimming pipeline was created according to the following 

cutadapt code “cutadapt --trim-n -a GATCGGAAGAGCACACGTCTG -a 

AGAGCACACGTCTG <input.file> | cutadapt -u 3 -a AAAAAAAAAACAAAAAAAAAA -

e 0.16666666666666666 - | cutadapt -g GTTCAGAGTTCTACAGTCCGACGATC -m 18 -o 

<output.file> -”,  to remove the template switching nucleotide and the 3’ and 5’ adapters 

associated with the CATS library preparation. After trimming, the base composition was 

centered around 25% for each nucleotide (Supplementary Figure 6.3C), and FastQC analysis 

confirmed the effective removal of the 3’ and 5’ adapters and indices.  
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Trimmed reads were aligned against the mature mouse miRNA downloaded from 

miRbase v.22 using the Burrows-Wheeler Aligner (BWA) in backtrack mode with parameters 

-n 1(base), -o 1, -e -1, -d 10, -i 5, -k 2, -E 4, -R 30, -t 24 (as recommended by 305. MiRNAs 

with less than 10 alignments across all samples were discarded from the subsequent analyses. 

Reads aligned to miRbase v.22 (mature miRNAs) with BWA had a length distribution between 

18-24 nucleotides consistent with the expected length of mature miRNA (Supplementary 

Figure 6.3D). Aligned reads were normalized using the Trimmed means of M (TMM) and 

Upper Quartile (UQ) methods as recommended 306, with the latter being chosen as the preferred 

method as it produced less variable means and distributions (Supplementary Figure 6.3E, F 

and G). After normalization, a two-dimensional principal component analysis (PCA) was 

performed in Partek® Flow® (Partek Inc, MO, USA) to assess the clustering of the samples and 

identify outliers. Fold changes and statistical significance were computed using the Gene 

Specific Analysis (GSA) tool within Partek® Flow® (Partek Inc, MO, USA). This function uses 

the corrected Akaike Information Criterion to select the best statistical model for each gene 

from the available Normal, Negative Binomial, Lognormal or Lognormal with shrinkage 

options. Lognormal with shrinkage 307, produced the best fit and thus was selected to perform 

differential analysis. A dataset was created containing the expression values for each miRNA 

in all samples and imported into R 308. The counts were log2 transformed to display the 

distribution of miRNAs in dim-reared and photo-oxidative samples using the packages 

ggbeeswarm 309 and ggplot2 310. Hierarchical clustering analysis (HCA) was performed in 

Partek® Flow® (Partek Inc, MO, USA) using the Euclidian distance as a point metric distance 

and the average linkage as the agglomerative method. 

 

Sequencing data can be accessed from BioProject (Accession ID: PRJNA615966). 
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6.2.9.3. Network and pathway enrichment analysis 

The miRNet platform 311 was used to elucidate potential interactions between exosomal 

miRNA and retinal mRNA. The mRNA dataset is available from BioProject (accession ID: 

PRJNA606092) and comprises of all retinal genes with a log2(count per million) value > -2.4 

(Supplementary Table 6.2). The retinal targetome of the top 10 exosomal miRNAs as well as 

the targetome of the s-mEVs enriched miRNA were separately imported into Enrichr 312 and 

analyzed for over-expressed pathways annotated in Wikipathways 313 (mouse annotation), and 

gene-disease associations listed in DisGeNet database 314.  

6.2.10. In vitro experiments 

6.2.10.1.  661W cell culture 

Murine photoreceptor-derived 661W cells (kindly gifted by Dr. Muayyad R. Al-Ubaidi, 

Dept. of Biomedical Engineering, University of Houston, Houston, TX, USA) 300, were used 

for in vitro experiments at passage 1-5. The authenticity of the of the cells was validated by 

short tandem repeat analysis (CellBank, Sydney, AUS). Cells were cultured in growth media 

(Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, MO, USA) supplemented with 

10% fetal bovine serum (FBS; Sigma-Aldrich, MO, USA), 6 mM L-glutamine (Thermo Fisher 

Scientific, MA, USA) and antibiotic-antimycotic (100U/ml penicillin, 

100 µg/ml streptomycin; Thermo Fisher Scientific, MA, USA)), as previously published 304. 

Cells were maintained and all incubation steps were performed in dark conditions in a 

humidified atmosphere of 5% CO2 at 37°C, unless otherwise stated. Cells were passaged by 

trypsinization every 3 – 4 days.  

 

To deplete FBS of s-mEV, the serum was centrifuged (200,000xg, at 4°C for 18 hours) 

using a Beckman Coulter Optima XE-100 Ultracentrifuge (Beckman Coulter, CA, USA), with 
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a SW41Ti rotor (Beckman Coulter, CA USA) and the supernatant used as FBS supplement in 

all GW4869 experiments (adjusted growth media).  

6.2.10.2. In vitro photo-oxidative damage 

661W cells were seeded in 96 well plates (Nunc, Thermo Fisher Scientific, MA, USA) at 

2x104 cells/well 24 hours prior to photo-oxidative damage experiments. Cells were exposed 

for 4 hours to 15,000 lux light (2.2 mW/cm2; irradiance measured with PM100D optical power 

meter, THORLABS, NJ, USA) from two white fluorescent lamps (2 × 10W T4 tri-phosphor 

6500K daylight fluorescent tubes; Crompton, NSW, Australia) as published previously 6,331. 

Control cells were completely wrapped in aluminum foil with six small incisions to allow 

air/gas exchange.  

6.2.10.3. Cell viability by MTT assay 

Cell viability was tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay (Roche, Mannheim, Germany), according to manufacturer’s instructions. Briefly,  

conditioned media from 661W cells undergoing photo-oxidative damage or grown under dim 

conditions and treated with GW4869 at 5, 10, 20 and 40µM concentrations or equivalent 

concentrations of DMSO was discarded and 100µl growth media containing 10% MTT was 

added to all wells. The cells were incubated for 4 hours to allow for the formation of formazan 

crystals then 100µl of solubilization buffer was added to each well and cells incubated for 18 

hours. The absorbance at 570nm of each well was measured with a 670nm reference 

wavelength using an Infinite® 200 Pro plate reader (Tecan, Mannedorf, Switzerland). 

Background absorbance (wells containing medium with MTT reagent only) was subtracted 

from all sample wells and the viability calculated by dividing the absorbance of treated wells 

(DMSO or GW4869) by controls (cell treated with medium only). 
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6.2.10.4. Exosome inhibition in 661W cells 

To test the effect of GW4869 on exosome inhibition, 661W cells were seeded at a density 

of 1x105 cells/well in 6 well plates (Nunc, Thermo Fisher Scientific, MA, USA) and grown to 

80% confluence in growth medium. Media was removed and cells treated with 20µM GW4869, 

or equivalent DMSO, in adjusted growth media for 4h. The conditioned medium from four 

GW4869-treated or control wells (661W cells treated with equivalent DMSO concentration) 

was pooled and processed for s-mEV isolation and characterization as described in Section 2.4. 

6.2.11. Statistical analyses: 

All graphing and statistical analyses were performed using Prism V7.0, unless otherwise 

specified. An unpaired Student’s t-test, one-way analysis of variance (ANOVA), or two-way 

ANOVA with Tukey’s multiple comparison post-hoc test was utilized as appropriate to 

determine the statistical outcome. Non-adjusted p values (P<0.05) or false-discovery adjusted 

p values (FDR<0.1) were deemed statistically significant. All data was expressed as the mean 

± SEM. 
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6.3. Results 

6.3.1. Retinal s-mEV isolation  

In this work we demonstrate a novel protocol for the isolation of s-mEV from mouse 

retinas (Figure 6.1A). Extracellular vesicles isolated from dim-reared retinas displayed 

properties of s-mEV, including the distinctive round, cup-shaped  morphology of exosomes 444 

as seen in representative negative-stained TEM images (Figure 6.1B, and Supplementary 

Figure 6.1A). Isolated vesicles were within the expected size-range of s-mEV including 

exosomes 213,217,386,419, as shown by TEM size distribution histogram, nanotracking analysis 

using NanoSight NS300 and dynamic light scatter using a Zetasizer Nano instrument (Figure 

6.1C-F). Further, isolated vesicles displayed known s-mEV markers CD63, CD81 and CD9, as 

determined by western blotting (Figure 6.1G).  
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 Figure 6.1: Retinal s-mEV isolation and characterization 

(A) Workflow for the isolation and characterization of retinal s-mEV. s-mEV were isolated 

from papain-digested retinas using differential ultracentrifugation. s-mEV pellets (P3) were 

processed for RNA extraction and RNA sequencing (RNA seq) and size and morphology 

analysis by electron microscopy, NanoSight NS300 and Zetasizer Nano. s-mEV pellets were 

also digested in protein lysis buffer and analyzed for the expression of s-mEV markers CD9, 

CD81 and CD63 by western blot. S=supernatant, P=Pellet.  (B) Representative Transmission 

Electron Microscopy (TEM) micrograph showing isolated retinal vesicles (white arrows) with 

consistent round, cup-shaped morphology and size of s-mEV. (C) Diameter distribution of 

retinal s-mEV measured from TEM micrographs (n=233). (D) Size distribution of retinal s-

mEV (n=6 samples, 4 retinas/sample) using nanotracking analysis performed on a NanoSight 

NS300. (E) Average concentration, mean and modal size of s-mEV isolated from mouse retinas 

measured by nanotracking analysis (n=6 samples, 4 retinas/sample). (F) Representative plot of 

the size distribution of s-mEV measured by dynamic light scatter (DLS) using a Zetasizer Nano 

instrument (n=5). (G) Full-length western blots showing the presence of s-mEV markers CD63 

(25kDa), CD9 (26kDa) and CD81 (25kDa) in retinal s-mEV protein lysates (Exo). Molecular 

weight standard (L). Scale bar = 200nm. 
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6.3.2. Retinal s-mEV decrease in concentration but not size, during photo-

oxidative damage-induced degeneration. 

Following the characterization of retinal s-mEV isolated from dim-reared retinas, the 

effect of photo-oxidative damage on the secretion of s-mEV was investigated (Figure 6.2A). 

The relative retinal s-mEV concentration was found to decrease in a damage-dependent 

manner, reducing significantly from dim-reared controls by 17±2.7% after up to 3 days of 

photo-oxidative damage and 38±4.0% after 5 days of photo-oxidative damage (Figure 6.2B). 

While the s-mEV concentration after 5 days of photo-oxidative damage was decreased from 

(4.27±0.2) x1010 vesicles/ml to (2.82±-0.3) x1010 vesicles/ml (Figure 6.2C). The analysis of 

the size distribution of s-mEV at these two timepoints showed that vesicles with diameter of 

up to 200nm had a more pronounced decrease in numbers (Figure 6.2D).  The mean and modal 

size of s-mEV remained unchanged after 5 days of photo-oxidative damage (Figure 6.2E). 

Taken together these results suggest that while there is no change in the size of isolated s-mEV, 

there was a progressive reduction in the concentration of exosomes during photo-oxidative 

damage-induced degeneration.  
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Figure 6.2: Retinal s-mEV decrease in concentration but not size, over photo-oxidative 
damage-induced degeneration. 

(A) Experimental paradigm, with red retinal labelling indicating lesion site. (B) Concentration 

of retinal s-mEV decreased progressively across time in PD, with significantly reduced s-mEV 

at 1D, 3D and 5D PD compared to DR controls (P<0.05, n=3-12). Concentration values are 

presented as percentage of DR. (C) Significant reduction in the concentration of s-mEV from 

5D PD retinas compared to DR controls (P<0.05, n=5-6). (D) No significant change in the size 

distribution of s-mEV isolated from 5D PD retinas compared to DR controls, however vesicles 

with size < 200nm show a marked decrease in concentration following 5D PD (P>0.05, n=5-

6). (E) No difference in either the mean or modal size of retinal s-mEV between DR and 5D 

PD groups (P>0.05, n=5-6). All results obtained using nanotracking analysis (NanoSight 

NS300). 
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6.3.3. GW4869 inhibits s-mEV bioavailability in vitro. 

Given the correlation between increased photoreceptor cell death and reduced retinal s-mEV 

concentration during photo-oxidative damage, the effect of s-mEV, specifically exosome 

inhibition was investigated using GW4869. To determine efficiency, GW4869 was added in 

culture to 661W photoreceptor-like cells (Figure 6.3A). s-mEV isolated from 661W were 

characterized using TEM (Figure 6.3B and Supplementary Figure 6.1B). Compared to DMSO 

controls, 661W s-mEV concentration (Figure 6.3C-D) was significantly reduced in GW4869-

treated cells, demonstrating a high level of efficacy of this inhibitor. Furthermore, increased 

GW4869 concentrations did not affect cell viability compared to DMSO controls under dim 

conditions. However, following photo-oxidative damage (4 hours of 15,000k lux white light), 

an inverse dose-dependent correlation was observed between GW4869 concentration and cell 

viability (Figure 6.3E-F). Overall GW4869 was shown to reduce the bioavailability of isolated 

s-mEV in vitro, with the reduction likely attributed to a decrease in exosome production. 
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Figure 6.3: GW4869 inhibits bioavailability of s-mEV in vitro. 

(A) Experimental paradigm. (B) Representative TEM micrograph showing isolated 661W 

vesicles. (C-D) s-mEV isolated from 661W photoreceptor-like cells in the presence of exosome 

inhibitor GW4869 (20µM) or DMSO control for 24 hours showed a significant reduction in 

concentration, as measured by NanoSight NS300. (P<0.05, n=4-5). (E) MTT assay to 

determine viability of 661W cells treated with increasing concentrations of GW4869 or 

DMSO. Results demonstrated no dose response in viability levels for either treatment under 

dim conditions, however significant dose-dependent reduction in cell viability when treated 

with GW4869 under PD conditions (P<0.05). (F) The viability ratio (viabilityGW4869 / 

viabilityDMSO) of 661W cells treated with increasing concentrations of GW4869 in dim 

conditions or under 4 hours PD showed no change while in dim conditions, however is reduced 

between doses of 0-20µM GW4869 before reaching a plateau by 40µM while in PD conditions. 

Scale bar = 50nm. * Patterned bars in Figure 3E represent equivalent dosages/concentrations 

and conditions of GW4869/DMSO used in Figure 3D. 
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6.3.4. Endocytic pathway inhibition results in reduced s-mEV bioavailability in 

vivo. 

The contribution of exosomes to retinal s-mEV population was investigated in vivo 

(Figure 6.4A and B). s-mEV isolates from retinas of GW4869-treated mice (daily IP injections 

for 5 days) were reduced in concentration compared to those from DMSO-injected controls. 

This was seen in both dim-reared and photo-oxidative damaged retinas (Figure 6.4C and D). 

Additionally, the expression of genes associated with ESCRT-dependent and ESCRT-

independent exosome biogenesis pathways were measured by qRT-PCR. We targeted Pdcd6ip 

(also known as Alix), which encodes an accessory protein in the ESCRT-dependent pathway, 

and Smpd3, which encodes nSMase2 in the ESCRT-independent pathway213. Retinal lysates 

from dim-reared and 5-day photo-oxidative damaged retinas as well as lysates from GW4869 

and DMSO-injected photo-oxidative damaged retinas were used. The expression of Pdcd6ip 

and Smpd3 was significantly increased in 5 day photo-oxidative damaged retinas compared to 

dim-reared controls (Figure 6.4E). Conversely, Pdcd6ip and Smpd3 were found to be 

significantly reduced in GW486-injected retinas compared to DMSO-injected controls (Figure 

6.4F). These results demonstrate that GW4869 can be used as an inhibitor of exosome 

production, and that exosomes likely contribute to the population as well as effects of retinal 

s-mEV.  
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Figure 6.4: GW4869 inhibits bioavailability of retinal s-mEV 

 
(A-B) Experimental paradigm with red retinal labelling indicating lesion site. (C-D) 

Nanotracking analysis (NanoSight NS300) quantification revealed a significant reduction in 

the concentration of s-mEV isolated from both DR and 5D PD retinas following 5 daily 

intraperitoneal injections of GW4869 compared to respective DMSO controls (P<0.05, n=4). 

The expression of exosome biogenesis genes Pdcd6ip and Smpd3 as measured by qRT-PCR 

was (E) significantly increased following 5D PD relative to DR controls (P<0.05, n=5) and (F) 

significantly reduced following daily injections of GW4869 while undergoing 5D PD, relative 

to DMSO injected controls (P<0.05, n=4).  
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6.3.5. Exosome inhibition reduces retinal function in dim-reared mice 

The effect of GW4869-mediated exosome inhibition on retinal health was investigated 

in dim-reared mice (Figure 6.5A). Retinal function was assessed using electroretinography 

(ERG). We show that GW4869-treated mice had reduced retinal function for both a-wave and 

b-wave measures (Figure 6.5B-D), compared to DMSO injected controls. To investigate this 

further, we measured photoreceptor cell death by counting TUNEL+ cells in the outer nuclear 

layer (ONL). The inflammatory response was also measured by counting IBA-1+ cells in the 

outer retina.  No significant difference in either measure was observed between GW4869-

injected and DMSO treated retinas (Figure 6.5E-G). Additionally, photoreceptor cell death was 

also assessed by measuring the ratio of ONL thickness to total retinal thickness from OCT 

images. No significant difference was detected between the two groups (Figure 6.5H-I). 

Overall, while GW4869 impaired retinal function in dim-reared mice, no difference was 

observed in histological measures between GW4869-injected mice and DMSO controls over 

the 5 day period investigated. 
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Figure 6.5: Exosome inhibition via the use of GW4869 in dim-reared mice reduces retinal 
function. 

(A) Experimental paradigm. Following 5 daily intraperitoneal injections of GW4869 

(1.25mg/kg), retinal ERG function, (B) shown in representative ERG traces, was significantly 

reduced for both (C) a-wave and (D) b-wave responses, compared to DMSO controls in DR 

mice (P<0.05, n=6). (E) No significant changes were seen in either the number of TUNEL+ 

cells in the outer nuclear layer, or in the number of IBA-1+ cells in the outer retina following 5 

daily intraperitoneal injections of GW4869 compared to DMSO controls (P>0.05, n=5). 

Representative confocal images show (F) TUNEL+ cells (white arrows) and (G) IBA-1+ cells 

in the outer retina, in both GW4869 and DMSO injected DR mice. Representative confocal 

images are taken in the superior outer retina, 1mm from optic nerve head. (H) There was no 

change in ONL thickness (represented as ratio to total retinal thickness), as measured by ocular 

coherence tomography (OCT) between GW4869 or DMSO injected DR mice (P>0.05, n=6). 

(I) Representative images of OCT scans show ONL thickness in superior retina, (white line) 

in GW4869 and DMSO injected DR mice. Scale bars = 50µM. 
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6.3.6. Exosome inhibition reduces retinal function and increases cell death and 

immune cell recruitment in 5-day photo-oxidative damaged mice 

Given the reduction in ERG responses in GW4869-treated dim-reared mice, the effect of 

exosome inhibition was further investigated in mice subjected to 5 days of photo-oxidative 

damage (Figure 6.6A). GW4869-injected 5 day photo-oxidative damaged mice showed 

significantly reduced retinal function for both a-wave and b-wave measures (Figure 6.6B-D), 

compared to DMSO controls. Interestingly, and contrasting to GW4869-treated dim-reared 

mice, we observed significantly higher levels of photoreceptor cell death (TUNEL+) and 

immune cell recruitment (IBA-1+) in GW4869-injected 5-day photo-oxidative damaged mice 

compared to DMSO controls (Figure 6.6E). The increased number of IBA-1+ cells in the outer 

retina included a higher ratio of amoeboid to ramified microglia and an increased presence of 

subretinal macrophages (Figure 6.6E).  Further, there was a significant thinning of the ONL, 

indicating higher levels of photoreceptor cell death in GW4869-treated mice (Figure 6.6F). 

However, no difference in the thickness of the INL or GCL was observed (Figure 6.6F). 

Increased levels of photoreceptor cell death in GW4869-injected photo-oxidative damage mice 

were further demonstrated by a reduction of photoreceptor nuclei in the ONL (Figure 6.6G). 

Representative confocal images demonstrate an increase in photoreceptor cell death with 

significantly more TUNEL+ cells and thinner ONL (Figure 6.6H), as well as increased IBA-1+ 

cells (Figure 6.6I), in GW4869-treated mice compared to controls. Taken together these results 

show that exosome inhibition in retinas subjected to photo-oxidative damage causes reduced 

retinal function, concomitant with increased photoreceptor cell death and increased recruitment 

and activation of microglia/macrophages.  
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Figure 6.6: Exosome inhibition via the use of GW4869 in mice subjected to 5 days photo-

oxidative damage reduces retinal function and increases cell death and immune cell 

recruitment. 

(A) Experimental paradigm with red retinal labelling indicating lesion site. Following 5 daily 

intraperitoneal injections of GW4869 (1.25mg/kg), retinal ERG function, (B) shown in 

representative ERG traces, was significantly reduced for both (C) a-wave and (D) b-wave 

responses, compared to DMSO controls in 5D PD mice (P<0.05, n=6). (E) There was a 

significant increase in the number of TUNEL+ cells in the ONL, as well as a significant increase 

in the total number, number of subretinal, and number of amoeboid but not ramified IBA-1+ 

cells in the outer retina in GW4869-injected mice compared to DMSO controls following 5D 

PD (P<0.05, n=4). (F) There was a significant reduction in the thickness of the ONL of 

GW4869-injected 5D PD mice compared to DMSO controls (P<0.05, n=4), however, no 

change was observed in the thickness of the INL or GCL between these groups (P>0.05, n=4). 

(G) The number of photoreceptor row nuclei in the ONL was also significantly reduced in 

GW4869-injected 5D PD mice compared to DMSO controls (P<0.05, n=4). Representative 

confocal images show (H) increased levels of TUNEL+ cells (while arrow) and reduced ONL 

thickness (white line) as well as (I) increased number of IBA-1+ cells in the outer retina, in 

GW4869-injected mice following 5 days of PD. Representative confocal images are taken in 

the superior outer retina, 1mm from optic nerve head. Scale bars = 50µM.  
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6.3.7. Retinal s-mEVs possess a distinct miRNA profile compared to the retina 

which remains unchanged over 5-days of photo-oxidative damage.  

To obtain pure s-mEV-derived RNA, s-mEV isolated from dim-reared and 5 day photo-

oxidative damaged retinas were treated with RNaseA prior to RNA isolation to remove 

potential contaminating RNA species attached to the outside. Bioanalyzer electropherograms 

show that RNaseA treatment successfully removed contaminating RNA, whereas s-mEV RNA 

was protected. Further, retinal s-mEV RNA was enriched for RNA species between 10 to 40 

nucleotides (Supplementary Figure 6.2).  

  

Databases of retinal and s-mEV miRNA were obtained using small RNAseq (Figure 

6.7A), and were compared to determine if there was any selective enrichment of miRNA in 

isolated s-mEV. After generating normalized miRNA counts, a two-dimensional principal 

component analysis (PCA) was employed to visualize global differences between the 

expression of miRNA from dim-reared retinal s-mEVs and whole retinas. This analysis showed 

a clear segregation between the miRNA profiles of these groups (Figure 6.7B). Next, we 

examined the correlation between the expression levels of miRNAs from dim-reared retinal s-

mEVs and whole retinas, finding a significant correlation (r=0.71, p<0.0001) between these 

groups. In particular, miR-183-5p, let-7b/c-5p, miR-124-3p, miR-125a/b-5p and miR-204-5p 

were highly expressed in both groups (Figure 6.7C). This correlation analysis also indicated 

that some miRNA species were enriched in s-mEVs over the retina, with differential expression 

analysis uncovering that 28 miRNAs are over-represented in s-mEVs (FC>+2, FDR<0.05), 

including miR-3770b, miR-706, miR-669c-3p, miR-7020-3p and miR-3770 which were all 

over 100-fold more abundant (Figure 6.7D).  
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Following, we examined the differential expression in miRNA between dim-reared and 

photo-oxidative damaged-isolated s-mEVs. PCA showed no clustering of the samples 

suggesting that the miRNA contents of retinal s-mEV were not substantially altered following 

photo-oxidative damage (Figure 6.7E). Hierarchical clustering analysis (HCA) further 

illustrated this, with no significant clustering between dim-reared and 5 day photo-oxidative 

damage groups (Figure 6.7F). In line with the PCA and HCA, differential expression analysis 

revealed that only miR-1249-3p was differentially expressed (p-value = 0.046, fold change = -

2.08) (Figure 6.7G). However, when adjusting for multiple comparisons (Benjamini-

Hochberg), this miRNA did not pass the significance threshold (Supplementary Table 6.1). 

 

 A total of 154 miRNAs were detected in retinal s-mEV (Supplementary Table 6.1) 

showing a similar mean count distributions in both groups (Figure 6.7H). The top 10 most 

highly expressed miRNAs were consistent in both dim-reared and 5 day photo-oxidative 

damaged retinal s-mEV, and accounted for approximately 67% of the total (Figure 6.7I). MiR-

124-3p was the most abundant s-mEV-miRNA representing 17.5% and 16.3% in dim-reared 

and 5 day photo-oxidative damaged retinal s-mEV, respectively (Figure 6.7I). Four members 

of the let-7 family (let-7c-5p, let-7a-5p, let-7b-5p and let-7f-5p) as well as miR-183-5p, miR-

125a-5p, miR-125b-5p, miR-706 and miR-204-5p comprised the rest of the top 10 most highly 

abundant s-mEV-miRNA (Figure 6.7I). These results demonstrate the selective enrichment of 

miRNA in s-mEV from the retina, but that the miRnome of s-mEV does not change in response 

to photo-oxidative damage.  
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Figure 6.7: s-mEV miRNA profiling and enrichment analysis. 

 
(A) Experimental paradigm with red retinal labelling indicating lesion site. (B) Principal 

component analysis (PCA) of retinal miRNA and s-mEVs miRNA showed clear clustering 

suggesting that each group possesses uniquely enriched miRNA. (C) A positive correlation 

was observed (r = 0.71, p<0.0001) between miRNA counts in the dim-reared retina and s-

mEVs with mir-124-3p, mir-181-3p, mir-204-3p, mir-125a/b-5p and miR-let7a/b-5p being 

abundant in both. (D) Hierarchical clustering of miRNA showed significant enrichment of 

miRNA in s-mEVs compared to the dim-reared retina (FC>2, FDR<0.05). (E) PCA and (F) 

hierarchical clustering analysis show no grouping or miRNA between DR and PD samples and 

identified no outliers. (G) Volcano plot indicating that no differential analysis was observed in 

s-mEV from DR and 5D PD retinas (P>0.05, n=5-6). (H) Violin plots showing the distribution 

of miRNA transcripts in s-mEV from DR and 5D PD retinas (n=5-6). Each data point 

represents the log2 transformed average number of counts for each miRNA retained after 

removing miRNAs with low expression and the size of each point is proportional to the average 

expression value of each miRNA. s-mEV from both DR and 5 days PD retinas contain similar 

amounts of miRNA transcripts with low, medium and high expression. (I) The top 10 most 

abundant miRNA were conserved in retinal s-mEV from DR and 5 days PD retinas and 

accounted for approximately 67% of the total counts.  
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6.3.8. s-mEV miRnome is associated with inflammatory, cell death and motility 

pathways. 

Considering that s-mEV miRNAs were not altered following 5 days of photo-oxidative 

damage and that the top 10 most abundant miRNAs accounted for 67% of the total s-mEV 

miRNAome, we focused on these top 10 s-mEV-miRNAs. A network analysis was performed 

to understand the interactions between the top 10 s-mEV-miRNAs and the retinal transcriptome 

(Figure 6.8A and Supplementary Table 6.2). This was also performed for the enriched s-mEV 

miRNA. Network analyses of the top 10 most abundant s-mEV miRNA revealed that eight 

miRNAs form a regulatory network containing 1326 targets (Figure 6.8Bi), of which, miR-

124-3p, mir-706 and let-7b-5p, have 472, 235 and 353 predicted interactions with retinal 

transcripts, respectively (Supplementary Table 6.3). Similarly, the retinal targetome of the 

miRNA showing preferential enrichment in s-mEVs was explored with miRNet showing that 

miR-466i-3p, miR-446i-5p, miR-let-7b-5p, miR-1195 and miR-706 all had over 100 predicted 

targets in the retina (Figure 6.8Bii and Supplementary Table 6.4). The predicted targets of both 

sets of miRNA were separately used for enrichment analyses against WikiPathways (mouse 

pathway annotation) and DisGeNET (database containing gene-disease associations) on the 

Enrichr platform. A total of 50 pathways were significantly over-represented in WikiPathways 

(Supplementary Table 6.5 and Supplementary Table 6.6). Notably, pathways pertaining to 

inflammatory processes including IL-1 to IL-6 signaling, Toll-like receptor signaling and 

chemokine signaling showed a significant enrichment. Pathways related to cell survival and 

motility were also significantly enriched (Figure 6.8C-D), with apoptosis significantly 

associated with miRNA targets from s-mEV-enriched miRNA (Figure 6.8C). Finally, 

DisGeNET database analysis revealed a significant association between s-mEV-miRNA 

targets and 6 retinal diseases (Figure 6.8E, and Supplementary Table 6.7), with the majority 

associated with an inflammatory and/or proliferative profile. In summary, s-mEV miRNA 
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cargo remains stable in the degenerating retina but the most abundant and enriched miRNA in 

s-mEV are predicted to modulate inflammation, cell death responses and cellular motility 

pathways.  
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Figure 6.8: s-mEV miRNA target and pathway analysis. 

(A) Analysis pipeline. (B) miRNet network analysis using the (i) top 10 most highly expressed 

s-mEV-miRNAs and (ii) miRNAs enriched in s-mEVs showed their predicted interactions with 

target mRNAs. From the top 10 most abundant s-mEV miRNAs, eight formed an 

interconnected network, with miR-124-3p, miR-706 and let-7b-5p having the largest number 

of predicted targets. From the most enriched s-mEVs miRNAs, miR-466i-3p, miR-466i-5p and 

miR-1195 had the largest targetomes. Pathway analysis was performed using the predicted 

targets of the most abundant (B, i) and most enriched (B, ii) miRNA, collectively showing a 

significant enrichment of pathways pertaining to (C) cell survival and motility, (D) 

inflammatory processes and oxidative stress (P<0.05). (E) Enrichment analysis was also 

performed against DisGeNet (database containing gene-disease associations) revealing that a 

number of retinal diseases were significantly associated with the targets of s-mEV-miRNAs 

(P<0.05).  
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6.3.9. s-mEV may mediate the translocation of miR-124-3p from the outer to 

inner retina during photo-oxidative damage-induced retinal degeneration.  

We hypothesized that s-mEV may mediate the transportation of miRNA, including miR-

124-3p, through the retina during damage. To test this, in situ hybridization of miR-124-3p was 

performed on retinal cryosections from mice injected daily with GW4869 and subjected to 5 

days of photo-oxidative damage (Figure 6.9A). As previously reported250, miR-124-3p 

expression was significantly increased in the INL after 5 days photo-oxidative damage 

compared to dim-reared controls (Figure 6.9B-C). Interestingly, GW4869 treatment 

significantly reduced photo-oxidative damaged-induced miR-124-3p expression in the ONL 

and INL but not ILM/IS (Figure 6.9 D-E). This indicates that the within-retinal expression, and 

potentially movement of miR-124-3p in response to photo-oxidative damage may be mediated 

by s-mEV such as exosomes. To further explore our hypothesis, we examined the expression 

of miR-124-3p in photo-oxidative damaged retinas after treatment with GW4869 and observed 

no differential expression compared to DMSO-injected controls (Figure 6.9F). This indicates 

that the reduced expression of miR-124-3p in the ONL and INL is likely due to lack of transport 

into the INL rather than a decrease in total retinal expression. Given the increased levels of cell 

death and inflammation in mice treated with GW4869, we speculate that s-mEV shuttling of 

miRNA including miR-124-3p is required for normal retinal homeostasis and immune 

modulation. 
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Figure 6.9: s-mEV may mediate the translocation of miR-124-3p from the outer to inner 
retina during photo-oxidative damage-induced retinal degeneration 

(A) Experimental paradigm with red retinal labelling indicating lesion site. (B) Using in situ 

hybridization, miR-124-3p expression in DR retinal cryosections was localized to the outer 

limiting membrane/photoreceptor inner segments (OLM, IS), however (C) following 5D PD, 

miR-124-3p was seen in the INL (inlet, i). (D) Following intraperitoneal administration of 

GW4869 exosome inhibitor, miR-124-3p expression is significantly reduced in the ONL and 

INL (inlet, ii). Representative images are taken in the superior outer retina, 1mm from optic 

nerve head. (E) Densitometry analysis of miR-124-3p in retinal layers confirmed a decrease in 

miR-124-3p expression in the ONL and INL of mice treated with GW4869. (F) Retinal 

expression of miR-124-3p was conducted using qRT-PCR in photo-oxidative damaged mice 

treated with GW4869 or DMSO control, showing no change in total retinal expression 

(P>0.05). Scale bar = 50µM. 
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6.4. Discussion 

This study describes for the first time, the isolation and characterization of mouse retinal 

s-mEV and the important role they play in retinal health and degeneration. We demonstrate 

four key findings from this study: Firstly, we demonstrate that s-mEV isolated from mouse 

retinas decrease in concentration progressively as a consequence of retinal degeneration. 

Secondly, we show that partial s-mEV depletion, via systemic administration of the exosome 

inhibitor GW4869, resulted in reduced retinal function in the normal retina and further 

exacerbated functional losses in mice subjected to photo-oxidative damage. Notably, 

significant photoreceptor cell death and inflammation were observed in GW4869-injected mice 

undergoing photo-oxidative damage, which was mirrored in vitro by 661W photoreceptor-like 

cells displaying increased susceptibility to photo-oxidative damage following exosome 

inhibition. Thirdly, we used small RNA sequencing and bioinformatic analyses to report on the 

potential regulatory roles of s-mEV miRNAs in retinal degeneration. Lastly, using the s-mEV-

abundant miRNA miR-124-3p as a measure, we provide evidence that retinal s-mEV could be 

involved in the dynamic cell-to-cell transfer of miRNA in the degenerating retina. Taken 

together, we propose that retinal s-mEV and their miRNA cargo play an essential role in 

maintaining retinal homeostasis through immune-modulation, and that this effect is potentially 

mediated by s-mEV populations including exosomes. 

6.4.1. Photoreceptor cell death is associated with reduced s-mEV bioavailability  

Previous studies have demonstrated that miRNA-laden exosomes are found in abundance 

in the CNS and are central to cell-to-cell communication 445,446. Although it is unclear which 

retinal cell type(s) s-mEV isolated in this work are secreted by, our evidence supports a 

photoreceptor-derived contribution. We demonstrate a progressive decrease in s-mEV numbers 

during photo-oxidative damage, which correlates with increasing levels of photoreceptor cell 
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death as previously described in this model 273. Therefore, we attribute the decrease in isolated 

retinal s-mEV to a loss of photoreceptors. In addition, the high abundance of photoreceptor 

prominent miRNAs miR-124-3p 250 and miR-183-5p 447 in isolated retinal s-mEV, further 

attests to a potential photoreceptor origin, with miR-124-3p comprising 17.5% and 16.3% of 

the total s-mEV-miRnome in normal and damaged retinas, respectively.  

 

Previous studies by Vidal-Gil et al. (2019) report that the exosome protein marker CD9 

was localized to the photoreceptor inner segments and ONL, further supporting a 

photoreceptor-origin hypothesis.  However, it should be noted that CD9 was also found in the 

INL, GCL and choroid. Using a genetic model (rd10 mice) of retinitis pigmentosa, which 

results in progressive rod photoreceptor-specific cell death 448, Vidal-Gil et al. (2019) showed 

that EVs isolated from retinal explants contain rhodopsin protein. This exosomal rhodopsin 

expression increased following photoreceptor rescue. Therefore, the authors describe EV 

secretion as a function of photoreceptor cell death, with significantly lower levels of CD9 

expressing vesicles isolated from rd10 mouse retinas at postnatal day 18 (P18) compared to at 

P16 424. Taken together these results demonstrate a clear relationship between retinal s-mEV 

secretion and photoreceptor cell survival, suggesting a significant s-mEV population may 

derive from photoreceptors in the retina.  

 

Contrary to our findings, it is well established that a pro-oxidative stress or a 

proinflammatory environment often results in the increased release of exosomes 213,449-451. We 

do observe increased expression of exosome biogenesis genes Pdcd6ip and Smpd3 in retinal 

lysates following 5 days of photo-oxidative damage. We therefore suggest that all retinal cells 

including photoreceptors, as demonstrated by Vidal et al. (2019), may be potentially 

increasingly releasing s-mEV including exosomes as a consequence of the heightened presence 
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of inflammatory and oxidative stress stimuli created in response to acute retinal degenerations. 

Further, we hypothesize that photoreceptors, as the most abundant retinal cell type, are the 

largest contributor to the pool of retinal s-mEV and thus their loss leads to a net decrease in the 

total bioavailability of retinal s-mEV. Independent isolation and quantification of s-mEV and 

in particular exosomes from each major retinal cell type may shed some light in this regard and 

will be investigated in the future. We also note that it is also possible that the increased 

expression of Smpd3 may be occurring as a result of degeneration, with nSMase2/ceramide-

induced apoptosis reported in models of retinal degenerations 452-454. While we do not see a 

protection from cell death following treatment with GW4869, we suspect that reduced 

exosomal communication may supersede possible protective effects from nSMase2/ceramide 

inhibition. Investigations into the interplay between exosome release and retinal ceramide 

levels will be explored in future works.  

  

An additional hypothesis is that in response to excessive light, increased numbers of 

retinal s-mEV are mobilized as early responders to stress.  However, even by 1 day of photo-

oxidative damage, EV have already been depleted past a homeostatic level, ensuing an 

inflammatory response. As we previously demonstrated the potential translocation of miR-124-

3p to the INL within 24 hours of damage 250, it seems possible that s-mEV transport of this 

miRNA could have occurred before this early time point as a rapid response to stress. In fact, 

455 demonstrated that photoreceptor-specific miRNAs such as miR-183/182/96 as well as miR-

204 and miR-211 are modulated in response to light exposure as short as 3 hours. We also 

identified mir-183/182/96, miR-204 and miR-211 in retinal s-mEV however, while Krol and 

colleagues do not propose a mechanism responsible for the miRNA turnover observed in their 

work, our work presented here suggests that s-mEV may be involved.  Quantifying s-mEV 

secretion during early stress responses is required to determine if s-mEV depletion is a cause 
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or consequence of retinal degeneration, and represents an important piece of the therapeutic 

puzzle.  

6.4.2. Retinal s-mEV as mediators of immuno-modulation. 

Regardless of origin, to date the role that s-mEV play in retinal health and disease is still 

largely unclear. Results from this work strongly support a mechanism by which retinal s-mEV 

and in particular exosomes mediate homeostasis and immuno-modulation, with the inhibition 

of exosomes using GW4869 both in vitro, and in vivo, resulting in increased cell death, as well 

as recruitment and activation of microglia/macrophages. Importantly these observations were 

only evident under stress conditions, with both control 661W cells and dim-reared retinas 

displaying no major signs of cell death or inflammation following exosome-inhibition in the 

absence of photo-oxidative damage. We suggest that unlike in the degenerating retina, exosome 

inhibition had no major effects on cell death and inflammation. This is likely to be a 

consequence of the experimental paradigm used in this study and the short period of inhibition, 

or alternatively could indicate that under stress exosomal communication is necessary for cell 

survival. A smaller average size was seen in 661W-isolated s-mEV compared to those from 

the retina, and while we attribute this to the heterogenous nature of whole tissue, it could 

suggest that photoreceptors primarily secrete a smaller s-mEV fraction such as exosomes, and 

it is this population that may mediate retinal damage. This hypothesis however requires further 

investigation. Further, s-mEV composition may have been altered due to the depletion of FBS-

EV in culture media, which is known to contain biologically active EV456,457, and alter the 

phenotype and behaviour of cultured cells. Specifically, serum EV removal or depletion has 

been shown to reduce cell migration25, proliferation and survival458, and induce a dose-

dependent increase in pro-inflammatory cytokine release from inflammatory cells such as 

macrophages456. Although we did not assess the impact of EV-depletion on cell health and 
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inflammatory state, all treatment groups were similarly incubated with FBS EV-depleted media 

and as such as comparable. 

 

We hypothesize that as a consequence of longer-term exosome inhibition, inadequate 

translocation of miRNA cargo via s-mEVs results in the dysregulation of immune pathways. 

We have previously reported that in response to photo-oxidative damage, miR-124-3p 

upregulation in the INL may occur via outer-to-inner retinal translocation, with miR-124-3p 

acting as an anti-inflammatory regulator of C-C Motif Chemokine Ligand 2 (Ccl2) to prevent 

the recruitment of microglia/macrophages 250. In this present study, we provide further 

evidence of s-mEV-mediated miRNA translocation, demonstrating that in mice treated with 

GW4869, INL upregulation of miR-124-3p, the most highly expressed miRNA in isolated 

retinal s-mEV, was reduced. Although correlative, we suggest that insufficient gene regulation 

due to reduced s-mEV/miRNA bioavailability could contribute to the increased presence of 

immune cells and inflammation as seen in retinal degenerations. While we do not exclude the 

possibility that miR-124-3p could be upregulated in the INL in response to photo-oxidative 

damage, and downregulated following treatment with GW4869, we believe that this is unlikely, 

given the lack of differential change in the expression of miR-124-3p in photo-oxidative 

damaged mice injected with GW4869 compared to controls. The s-mEV-dependent transport 

of miRNA in mediating immune regulation however requires further exploration particularly 

in regard to the hypothesized movement of s-mEVs in retinal damage. Future experiments 

should utilize EV reporter strains such as those generated by Men et al, (2019) 459 as well as 

intra-ocular administration of fluorescently tagged s-mEVs to obtain direct evidence of s-mEV 

movement and uptake in the degenerating retina, and will be investigated in further detail in 

the future.  
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To further support the hypothesis that retinal s-mEV mediate homeostasis and immune 

responses, network and pathway analysis of retinal s-mEV-miRNAs revealed that the top 10 

miRNA and miRNA enriched in s-mEVs were associated with the regulation of inflammatory 

and cell survival pathways. For example, our network analysis indicates that the top 10 miRNA 

are controlling genes associated with Interleukin and chemokine signaling, with both of these 

biological pathways involved in a plethora of retinal degenerative diseases 59,67. Moreover, 

MAPK signaling and TGF-β have also been shown to play pivotal roles in the development of 

retinal degenerations 460,461, with both pathways showing a strong association with the 

targetome of the top 10 most highly expressed s-mEV-miRNAs. As the top 10 miRNAs in both 

dim-reared and photo-oxidative damage retinal s-mEV make up approximately 70% of the total 

s-mEV-MiRnome, it is not surprising that a reduction in s-mEV numbers during degeneration 

could lead to immune dysfunction due to inadequate gene regulation. In fact, as recently 

demonstrated by Bian et al, (2020) exosomes secreted from transplanted neural stem/progenitor 

cells (NPCs) in the subretinal space resulted in delayed photoreceptor cell death, preserved 

retinal function and the suppressed activation of retinal microglia. Further, this group 

demonstrated that the miRNA cargo of NPC exosomes mediated this protection, with many 

NPC-derived miRNA found to be similar to s-mEV-derived miRNA reported in this study 462. 

Enrichment analysis of retinal s-mEV-MiR revealed significant associations with retinal 

degenerative diseases such diabetic retinopathy, retinal detachment and retinal hemorrhage 

further highlighting their potential involvement in modulating retinal inflammatory diseases. 

 

From these collective findings, we propose that in normal retinal health, s-mEV are 

secreted from photoreceptor cells, and are released to the surrounding retina to maintain a 

homeostatic environment. However, following photoreceptor cell death, we hypothesize that 

immune responses are no longer able to be regulated due to reduced s-mEV numbers and the 
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bioavailability of miRNA cargo; leading to the upregulation of inflammatory pathways, 

infiltration and activation of microglia/macrophages and progressive retinal cell death (Figure 

6.10); characteristic features of retinal degenerative diseases 12,67,463,464.  
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Figure 6.10: Proposed functional role of exosomes. 

 
Under normal homeostatic conditions, s-mEV laden with miRNA, including miR-124, let-7, 

miR-125 and miR-183, potentially originating from photoreceptors, are continuously trafficked 

between retinal neurons and glial cells. However, in retinal degenerations, a loss of 

photoreceptors leads to a decrease in s-mEV bioavailability, and consequently an insufficient 

transfer of s-mEV miRNA cargo to their cell targets. As the retinal targetome of s-mEV-

miRNAs is associated with inflammation, survival and cell motility pathways, inadequate 

pathway regulation following s-mEV depletion leads to exacerbated retinal damage.  
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6.4.3. s-mEV as mediators of phototransduction 

In addition to a potential role as regulators of retinal homeostasis through immune 

modulation, we highlight a possible involvement of retinal s-mEV, and in particular exosomes, 

in phototransduction. In both dim-reared and photo-oxidative damaged mice, exosome 

inhibition resulted in reduced retinal function as measured by ERG. While we could attribute 

the loss of retinal function in photo-oxidative damage mice to increased levels of photoreceptor 

cell death and immune cell recruitment, dim-reared mice showed no detectable signs of either 

cell death or inflammation at the time-point investigated, yet still demonstrated significantly 

lower functional responses.  

 

 While the role of s-mEV and exosomes in phototransduction in the retina is currently 

unknown, in the CNS the communication of exosomal cargo from oligodendrocytes and 

astrocytes has been reported to affect neurotransmission pathways465-467. In particular, Fruhbeis 

et. al (2013) suggested that the exosome communication between oligodendrocytes and 

neuronal axons is triggered by glutamate release 468. While oligodendrocytes are not present in 

the retina, Müller glia perform a similar role, responsible for the reuptake of glutamate released 

from photoreceptors terminals and the synaptic clefts of second order neurons as part of normal 

phototransduction469. We speculate that, perturbations of exosomal communication systems 

could lead to aberrant glutamate reuptake by Müller cells and impaired signal transduction, 

explaining the observed reduction in retinal function of exosome-inhibited mice. However, this 

area requires further in-depth exploration. 
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6.4.4. The role of exosomes in retinal degenerative diseases and their potential as 

therapeutic gene therapy vehicles. 

To date, little progress has been made in uncovering the role that s-mEV may play in 

the progression of retinal degenerations, and further how we can utilize s-mEV, their cargo, 

and/or biological targets in diagnostic panels and in therapeutic development. It has been 

recently shown in cell culture models 402,437,470, that following high levels of oxidative stress 

(pathologically relevant to the onset of many retinal degenerative diseases), increased exosome 

numbers containing high expression of vascular endothelial growth factor receptor (VEGFR,) 

are secreted from a retinal pigmented epithelium (RPE) cell culture line (aRPE19) to promote 

neovascularization, a hallmark feature of several retinal pathologies 437. It has also been 

reported that exosomes containing retinal proteins were found in abundance in the vitreous 

humor of the mouse and human, demonstrating a level of communication that exists between 

these ocular tissues 223. While it has yet to be discovered if there is any differential change in 

exosome composition or concentration in the vitreous during retinal degenerative diseases, 

exosomes identified in the aqueous humor of AMD patients were found to contain a cross-over 

set of proteins also found in the culture medium of aRPE19 cells 470. This finding, while largely 

correlative, suggests that exosomes derived from the RPE may play a role in disease 

pathogenesis. Furthermore, these results demonstrate the possibility that access to exosome 

populations in biological fluids of the eye could provide a representation of what may be 

occurring in the retina and therefore serves a diagnostic potential.  

 

Exosome based gene therapies are at the forefront of therapeutic development, with 

multiple clinical trials underway 471,472, including for the treatment of neurodegenerative 

diseases 472,473. However, their use for the treatment of retinal degenerations is largely in its 

infancy (reviewed in 473. Hajrasouliha et. al (2013) provides evidence for the 
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immunomodulatory properties of exosomes derived from cultured retinal astrocytes 474. Using 

a laser induced model of choroidal neovascularization Hajrasouliha et. al (2013), demonstrated 

that the periocular injection of astrocytic exosomes reduced the CCL2-dependent migration of 

macrophages to the lesion site and attenuated angiogenesis 474. As CCL2 has been implicated 

as a key chemokine in the pathogenesis of multiple retinal degenerative diseases 68,353,475, and 

is a known target of miR-124-3p 475; exosome-based therapies that replenish retinal levels of 

this miRNA may prove efficacious as a possible therapeutic, as evidenced in other works 250. 

In addition, exosomes derived from microglial cells and injected into the vitreous of mice 

subjected to oxygen-induced retinopathy showed protective effects, reducing avascular regions 

in the retina, VEGF expression, and photoreceptor apoptosis, compared to controls 476. It was 

hypothesized by these authors that exosomal-miR-24-3p mediated this protection against 

hypoxia-induced cell death 476.  

 

The combined findings of our work uncover a novel role for retinal s-mEV in both health 

and degeneration, unveiling a panel of s-mEV-miRNA required for retinal homeostasis, and 

target networks of these gene regulators comprising inflammatory, oxidative stress and cell 

survival pathways. As we elude to retinal health requiring optimal levels of s-mEV, and their 

cargo; replenishing s-mEV loads in the retina itself may prove as efficacious therapy, and will 

be the focus of future works. Further, both the unique s-mEV-miRNA signature and 

downstream target pathways open additional avenues for therapeutic development. 
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6.5. Conclusion 

Results from this work suggest that s-mEV are released from photoreceptor cells to 

maintain retinal homeostasis. However, as a consequence of photoreceptor cell death, s-mEV 

secretion and/or bioavailability becomes reduced. Consequently, retinal s-mEV cargo, which 

contains regulatory miRNA and other molecules, are unable to regulate immune responses, 

subsequently contributing to progressive retinal cell death. We hypothesis that this mechanism 

is likely to be involved in many retinal degenerative and inflammatory diseases. 
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6.6.  Supplementary Figures 

Supplementary Figure 6.1: TEM 

Representative TEM image showing isolated extracellular vesicles from (A) retinas and (B) 

661W cells. Enlarged fields highlight the circular, cup-shape morphology and size of s-mEV 

such as exosomes. Scale bar = 2000nm and 50nm.  
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Supplementary Figure 6.2: RNaseA Treatment 

s-mEV were treated with RNaseA with or without Triton-X 100 for 30 mins then processed 

immediately for RNA extraction. Exosomes treated with RNAseA without Triton-X 100 (red 

line) showed a decrease in the total amount of RNA compared with untreated s-mEV (blue 

line), and total RNA (black line), indicating the presence of contaminating RNA. The RNA 

protected from RNaseA degradation (red line) was enriched for RNA species of 10 to 40 

nucleotides (bp) in length. The simultaneous treatment with RNasA and Triton-X 100 (green 

line) completely ablated the signal, further demonstrating that s-mEV-RNA is protected from 

RNAseA degradation.  
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Supplementary Figure 6.3: Sequencing alignment 

(A) Summary of the sequencing depth, read quality and GC content.  (B) Representative raw 

read base composition shows the presence of an enriched poly-A tail (green line) and template 

switching nucleotide (first 3 base pairs). These features are incorporated during the CATS 

library preparation and thus their enrichment in the sequenced reads indicates the successful 

construction of the library. (C) After trimming, every nucleotide was equally represented along 

the sequenced reads indicating the successful removal of library contaminants. (D) Reads 

aligning to miRbase v.22 (mature miRNA) had length distribution ranging from 18 to 24 

nucleotides consistent with the length of annotated miRNAs. (E) After annotation, 

unnormalized counts were normalized using the (F) upper quartile (UQ) normalization or (G) 

Trimmed Means of M, with the former producing more similar means and distributions (each 

box-and whisker plot corresponds to a sample).   
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6.7. Supplementary Tables 
 
Supplementary Table 6.1: Top 50 Retinal s-mEV miRNA 

microRNA ID Total counts P-value (PD vs. DR) Adjusted p-value 
(FDR) 

Fold change (PD vs. 
DR) 

mmu-miR-1249-3p 2.28E+04 4.65E-02 9.98E-01 -2.08E+00 

mmu-miR-183-5p 6.13E+05 5.36E-02 9.98E-01 -1.40E+00 
mmu-miR-324-5p 3.54E+03 5.40E-02 9.98E-01 -2.11E+00 

mmu-miR-301a-3p 7.50E+03 5.67E-02 9.98E-01 -1.88E+00 

mmu-miR-676-3p 1.92E+03 8.07E-02 9.98E-01 -2.58E+00 

mmu-miR-139-5p 3.54E+03 9.35E-02 9.98E-01 1.74E+00 
mmu-miR-1983 3.31E+03 1.01E-01 9.98E-01 -1.71E+00 

mmu-miR-323-3p 8.73E+03 1.17E-01 9.98E-01 1.62E+00 

mmu-miR-711 4.31E+03 1.26E-01 9.98E-01 -1.60E+00 

mmu-miR-3473b 1.60E+04 1.33E-01 9.98E-01 -1.50E+00 
mmu-let-7c-2-3p 4.60E+03 1.55E-01 9.98E-01 1.70E+00 

mmu-miR-182-5p 5.04E+04 1.65E-01 9.98E-01 -1.32E+00 

mmu-miR-22-3p 4.50E+03 1.70E-01 9.98E-01 -1.49E+00 

mmu-miR-338-3p 5.21E+03 1.87E-01 9.98E-01 -1.32E+00 
mmu-miR-3470b 1.59E+04 1.90E-01 9.98E-01 -1.27E+00 

mmu-miR-99a-5p 7.01E+03 2.00E-01 9.98E-01 1.32E+00 

mmu-miR-382-5p 4.57E+04 2.03E-01 9.98E-01 -1.30E+00 

mmu-miR-6240 3.22E+03 2.08E-01 9.98E-01 -1.87E+00 
mmu-miR-26a-5p 6.48E+03 2.18E-01 9.98E-01 -1.40E+00 

mmu-miR-2137 1.49E+05 2.24E-01 9.98E-01 -1.38E+00 

mmu-miR-140-3p 4.70E+03 2.34E-01 9.98E-01 1.64E+00 

mmu-miR-326-3p 2.96E+03 2.44E-01 9.98E-01 -1.36E+00 
mmu-miR-23a-3p 6.58E+04 2.57E-01 9.98E-01 1.37E+00 

mmu-miR-344d-3p 5.83E+03 2.61E-01 9.98E-01 1.50E+00 

mmu-miR-24-3p 2.05E+04 2.63E-01 9.98E-01 -1.31E+00 

mmu-miR-183-3p 6.07E+03 2.68E-01 9.98E-01 -1.43E+00 
mmu-miR-3099-3p 5.32E+03 2.70E-01 9.98E-01 1.29E+00 

mmu-miR-1187 1.46E+04 3.05E-01 9.98E-01 -1.48E+00 

mmu-miR-211-5p 4.28E+04 3.08E-01 9.98E-01 1.82E+00 

mmu-miR-92b-3p 1.59E+04 3.10E-01 9.98E-01 1.57E+00 
mmu-miR-7033-5p 1.89E+03 3.19E-01 9.98E-01 -1.22E+00 

mmu-miR-1895 5.31E+03 3.27E-01 9.98E-01 -1.19E+00 

mmu-let-7i-5p 1.70E+04 3.27E-01 9.98E-01 -1.31E+00 

mmu-miR-483-5p 7.94E+03 3.28E-01 9.98E-01 -1.59E+00 
mmu-miR-7058-3p 7.06E+04 3.51E-01 9.98E-01 -1.31E+00 

mmu-miR-124b-3p 2.95E+03 3.62E-01 9.98E-01 -1.34E+00 

mmu-miR-210-3p 7.28E+03 3.69E-01 9.98E-01 -1.25E+00 
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mmu-miR-335-5p 5.56E+04 3.75E-01 9.98E-01 1.22E+00 

mmu-miR-6412 1.33E+04 3.82E-01 9.98E-01 -1.57E+00 
mmu-miR-9-5p 7.91E+04 4.00E-01 9.98E-01 1.43E+00 

mmu-miR-150-5p 9.64E+03 4.00E-01 9.98E-01 -1.14E+00 

mmu-miR-204-5p 2.71E+05 4.06E-01 9.98E-01 1.60E+00 

mmu-miR-126a-5p 8.80E+03 4.27E-01 9.98E-01 1.43E+00 
mmu-miR-29a-3p 1.99E+04 4.30E-01 9.98E-01 1.26E+00 

mmu-miR-21a-5p 1.06E+05 4.39E-01 9.98E-01 1.81E+00 

mmu-miR-6238 1.45E+05 4.46E-01 9.98E-01 -1.09E+00 

mmu-miR-7034-3p 5.60E+03 4.52E-01 9.98E-01 -1.41E+00 
mmu-miR-30b-5p 3.45E+03 4.58E-01 9.98E-01 -1.31E+00 

mmu-miR-29b-3p 9.21E+03 4.64E-01 9.98E-01 1.20E+00 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 280 

Supplementary Table 6.2: Top 50 Mouse Retinal Transcriptome 

EntrezID Retinal Gene Average expression (log2CPM) 

19214 Ptgdr -2.385034314 

67896 Ccdc80 -1.975371214 
18566 Pdcd1 -1.960231198 

11810 Apobec1 -1.95230117 

21956 Tnnt2 -1.945022012 

102637718 Gm34458 -1.883657966 
54382 Tcstv1 -1.833158912 

102634113 Gm31774 -1.830305537 

14825 Cxcl1 -1.808151695 

20311 Cxcl5 -1.79284035 
229687 Chil5 -1.780530401 

101056084 Gm29776 -1.76479197 

14170 Fgf15 -1.718118026 

17002 Ltf -1.701191209 
102638408 Gm16174 -1.650284322 

24057 Sh3yl1 -1.639265439 

102631735 LOC102631735 -1.623875692 

246787 Slc5a2 -1.556423326 
12364 Casp12 -1.544854482 

57344 As3mt -1.541023766 

102636635 Gm33645 -1.539735803 

50917 Galns -1.535242517 
227632 Kcnt1 -1.529241546 

382066 Prdm10 -1.521188551 

27354 Nbn -1.517600755 

108168486 LOC108168486 -1.51343093 
72368 Borcs8 -1.507264966 

108168357 Gm46607 -1.493725668 

81907 Tmem108 -1.485000224 

100038516 Gm10640 -1.452254751 
171486 Cd99l2 -1.430933645 

240084 Cchcr1 -1.422128738 

242409 Tmem8b -1.421630226 

108168741 Gm46732 -1.418953745 
20504 Slc17a1 -1.414109 

106766 Stap2 -1.412244597 

99151 Cercam -1.409828275 

217558 G2e3 -1.401377643 
723861 Mir384 -1.400569847 
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545192 Baiap3 -1.398515511 

241514 Zfp804a -1.391106575 

545428 Ccdc141 -1.372317659 

102635036 Gm38472 -1.372226598 
244886 Tmem266 -1.3679004 

102635844 LOC102635844 -1.367616349 

28240 Trpm2 -1.365653183 

105247046 Gm42223 -1.360907201 
14709 Gng8 -1.355539075 

217262 Abca9 -1.353194251 
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Supplementary Table 6.3: Top 8 s-mEVs miRNA Retinal Transcript Interactions 
miRNet. 

MicroRNA Number of Targets 

mmu-mir-124-3p 472 

mmu-mir-706 235 

mmu-let-7b-5p 353 

mmu-miR-125b-5p 25 
mmu-mir-125a-5p 19 

mmu-let-7a-5p 23 

mmu-let-7c-5p 4 

mmu-let-7f-5p 15 
Total 1146 

 
Supplementary Table 6.4: s-mEVs enriched miRNA Retinal Transcript Interactions 
miRNet. 

MicroRNA Number of Targets 

mmu-mir-466i-3p 332 
mmu-mir-466i-5p 322 

mmu-let-7b-5p 308 

mmu-mir-1195 200 

mmu-mir-706 134 
mmu-mir-3470b 114 

mmu-mir-3082-5p 85 

mmu-mir-3470a 82 

mmu-mir-804 74 
mmu-mir-1187 71 

mmu-mir-497a-5p 23 

mmu-mir-574-5p 17 

mmu-mir-96-5p 15 
mmu-mir-301a-3p 15 

mmu-mir-690 14 

mmu-mir-3473b 14 

mmu-mir-382-5p 8 
mmu-let-7d-5p 7 

mmu-mir-1249-3p 2 

Total 1837 
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Supplementary Table 6.5: Top 50 WikiPathways Mouse s-mEV miRNA Retinal Targets 

Term P-value Adjusted P-value Genes 

MAPK signaling 
pathway WP493 

1.95E-10 3.44E-08 SRF;NLK;ACVR1B;TNF;PRKCZ;CDC42;PPP
3R1;NRAS;MYC;RAC2;AKT1;FLNA;RAC1;I
KBKG;MAP2K7;MAP3K7;MAP4K3;PDGFR
B;DUSP4;JUN;JUND;BDNF;DUSP1;BRAF;M
APK14;NFKB1;DUSP6;TGFBR1;DUSP7;TR
AF6;TAOK1;PTPN7;CRK 

TGF Beta Signaling 
Pathway WP113 

1.94E-07 1.71E-05 JUN;STAT1;FST;STAT3;SMAD9;TNF;THBS
1;SMAD5;TGFBR1;RUNX2;NFKB1;TGFBR3
;ZEB2;SPP1;SKIL 

IL-1 Signaling 
Pathway WP37 

8.00E-07 4.69E-05 IL1RN;CAPNS1;IRAK2;TOLLIP;TRAF6;PEL
I1;AKT1;PRKCZ;MAP3K7;RELA;NFKB1;M
YD88 

EGFR1 Signaling 
Pathway WP572 

1.99E-06 8.74E-05 CEBPA;NDUFA13;CTNND1;PIK3R3;PRKCZ
;CDC42;NRAS;MYC;PLCG2;AKT1;RIPK1;R
AC1;MAP2K7;MAP2K3;VAV3;MAP3K3;JU
N;JUND;DUSP1;STAT1;STAT2;STAT3;RFX
ANK; 
PTK6;PTPN12;MAPK14;WNK1;CRK 

Focal Adhesion 
WP85 

4.29E-06 1.51E-04 ITGB1;ROCK2;LAMC1;THBS1;ACTG1;CDC
42;CCND2;CCND1; 
RAC2;SPP1;AKT1;FLNA;RAC1;PDGFRB;M
AP2K3;JUN;ITGA4;ITGA3;PDPK1;PTK6;BR
AF;RHOA;COL4A2;COL4A1;BCL2;TLN1;M
ET;CRK 

MicroRNAs in 
Cardiomyocyte 
Hypertrophy 
WP1560 

4.89E-06 1.43E-04 MAP2K3;FZD1;PDPK1;ROCK2;STAT3;PIK3
R3;MAPK14;TNF;RHOA;NFKB1;IGF1R;LRP
6;CDK7;AKT1;RAC1;IKBKG;MAP2K7 

PluriNetWork 
WP1763 

1.01E-05 2.53E-04 ITGB1;ROCK2;GATA6;ACVR1B;RELA;ICA
M1;SOCS2;HIRA;RRAS;CCND1;CDH1;SAL
L3;MYC;SALL4;SPP1;DNMT3B;AKT1;JARI
D2;FZD1;PBRM1;STAT3;ARID3B;UTF1;NF
KB1; 
TGFBR1;PML;OCLN;MYCN;KLF5;SMO;NC
L;MTF2;ZFP42;PIN1;SGK1;EZH2;CERS2 

Wnt Signaling 
Pathway NetPath 
WP539 

1.71E-05 3.77E-04 FZD1;JUN;CSNK2A1;AXIN2;NLK;RUNX2;
RHOA;LRP6;PPP2CA;DAB2;CCND1;CDH1;
AKT1;PIN1;TCF4;SOX9;TCF3;RAC1;MAP3
K7 

Apoptosis WP1254 1.76E-05 3.44E-04 JUN;IGF2;TNFRSF10B;CFLAR;TNF;RELA;
NFKB1;IGF1R;MYC;BCL2;AKT1;BIRC5;RIP
K1;IKBKG;FADD;BAK1 

EBV LMP1 
signaling WP1243 

2.20E-05 3.88E-04 MAP3K3;TRAF6;IKBKG;TNF;MAP3K7;REL
A;NFKB1;PDLIM7 

Integrin-mediated 
Cell Adhesion WP6 

7.33E-05 0.00117344 MAP2K3;ITGB1;VAV3;GIT2;ITGA4;ITGA3;
PDPK1;ROCK2;BRAF;CDC42;CAPNS1;CAP
N6;RAC2;AKT1;RAC1;TLN1;CRK 

G13 Signaling 
Pathway WP298 

3.61E-04 0.005288978 CDC42;GNA13;ROCK2;ARHGEF1;IQGAP1;
RHPN2;RAC1;APBB3;RHOA 

Leptin Insulin 
Overlap WP578 

4.22E-04 0.005710013 SOCS2;PDPK1;STAT3;IRS4;PIK3R3;AKT1 

Toll Like Receptor 
signaling WP88 

5.35E-04 0.006726608 IRAK2;TRAF6;FADD;IKBKG;MAPK14;NFK
B1;MYD88;TLR2 

Novel Jun-Dmp1 
Pathway WP3654 

6.02E-04 0.007066226 NRAS;JUN;CCND1;RRAS;MYC;E2F1;BRAF 
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Regulation of Actin 
Cytoskeleton 
WP523 

6.44E-04 0.007088616 PDGFRB;APC2;ROCK2;RDX;PIK3R3;BRAF;
IQGAP1;RHOA;ACTG1;SSH1;CDC42;GNA1
3;NRAS;RRAS;RAC2;PIP4K2B;ARHGEF1;PI
P4K2C;RAC1;CRK 

Spinal Cord Injury 
WP2432 

6.86E-04 0.007103792 EPHA4;BDNF;ROCK2;NCAN;TNF;MMP9;R
HOA;ICAM1;RGMA;IL6;CCND1;COL4A1;M
YC;E2F1;SOX9 

IL-3 Signaling 
Pathway WP373 

7.64E-04 0.007470238 STAT1;STAT3;MAPK14;MMP9;NFKB1;SOC
S2;PPP2CA;CDC42;CHEK1;BCL2;RAC2;AK
T1;BIRC5;RAC1;CRK 

MAPK Cascade 
WP251 

9.77E-04 0.009052436 MAP2K3;MAP3K3;NRAS;JUN;RRAS;BRAF;
MAPK14 

p38 MAPK 
Signaling Pathway 
WP350 

9.96E-04 0.008765119 CDC42;STAT1;MYC;RIPK1;RAC1;MAPK14;
MAP3K7;TGFBR1 

Insulin Signaling 
WP65 

0.00113947 0.009549846 MAP2K3;MAP3K3;JUN;PDPK1;SRF;IRS4;PI
K3R3;SLC2A4;MAPK14;PRKCZ;IGF1R;RAC
2;AKT1;FLOT2;RAC1;MAP2K7;SGK1;MAP
3K7;CRK;MAP4K3 

TNF-alpha NF-kB 
Signaling Pathway 
WP246 

0.001608512 0.012868095 MAP3K3;SMARCB1;CSNK2A1;STAT1;FAF
1;CFLAR;MCC;TNF;PRKCZ;DCAF7;NFKB1
;RELA;PML;PPP2CA;TRAF6;POLR1B;AKT1
;FLNA;RIPK1;MCM5;FADD;IKBKG 

Wnt Signaling 
Pathway and 
Pluripotency 
WP723 

0.001652072 0.012641938 FZD1;JUN;CTNND1;AXIN2;NLK;PRKCZ;R
HOA;LRP6;PPP2CA;CCND2;CCND1;MYC;T
CF4;MAP3K7 

Adipogenesis genes 
WP447 

0.002360631 0.017311297 FZD1;CEBPA;STAT1;STAT2;STAT3;IRS4;A
HR;SLC2A4;TNF;DLK1;IL6;NCOR1;KLF5;E
2F1;PNPLA3;SCD1;PPARA 

Endochondral 
Ossification 
WP1270 

0.003242006 0.022823724 STAT1;SPP1;IGF2;AKT1;TIMP3;SOX9;MMP
9;RUNX2;IGF1R;BMPR1A 

mir-193a and MVP 
in colon cancer 
metastasis WP3979 

0.003597548 0.024352632 CCND2;CCND1;MYC 

Chemokine 
signaling pathway 
WP2292 

0.004285358 0.027934189 VAV3;ROCK2;STAT1;STAT2;STAT3;PIK3R
3;BRAF;PRKCZ;NFKB1;RHOA;RELA;CDC4
2;NRAS;CCL9;CXCL12;RAC2;AKT1;GNB5;
RAC1;IKBKG;CRK 

Striated Muscle 
Contraction WP216 

0.00443176 0.027856779 MYL4;ACTC1;TPM4;TPM2;TPM1;DMD;MY
L9;ACTG1 

IL-2 Signaling 
Pathway WP450 

0.004896753 0.029718224 STAT1;STAT3;BCL2;AKT1;STAM;MAPK14
;CRK;PRKCZ;RELA;NFKB1;ICAM1 

G Protein Signaling 
Pathways WP232 

0.007850903 0.046058632 GNA13;NRAS;AKAP11;GNAL;RRAS;GNAQ
;PDE4C;AKAP9;ARHGEF1;GNB5;PRKCZ;R
HOA 

Wnt Signaling 
Pathway WP403 

0.008290272 0.047067352 FZD1;JUN;CCND2;CCND1;MYC;FZD10;RA
C1;PRKCZ;RHOA 

Factors and 
pathways affecting 
insulin-like growth 
factor (IGF1)-Akt 
signaling WP3675 

0.008663112 0.047647114 ITGB1;AKT1;TNF;NFKB1;IGF1R;PDK1 

Prostaglandin 
Synthesis and 
Regulation WP374 

0.008663112 0.046203262 EDNRA;ANXA4;ANXA5;S100A6;PTGDS;S1
00A10 

ApoE and miR-146 
in inflammation and 

0.009211217 0.047681592 TRAF6;RELA;TLR2 
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atherosclerosis 
WP3592 
Delta-Notch 
Signaling Pathway 
WP265 

0.009499338 0.047768099 LFNG;NOTCH3;ADAM17;JUN;NCOR1;JAG
1;STAT3;AKT1;TCF3;SKP2;RELA 

Microglia Pathogen 
Phagocytosis 
Pathway WP3626 

0.009508783 0.046487383 VAV3;ARPC1B;RAC2;PLCG2;PIK3R3;RAC1
;SIGLECE 

NLR Proteins 
WP1256 

0.01321537 0.0628623 IKBKG;MAP3K7;RELA 

IL-6 signaling 
Pathway WP387 

0.013749565 0.063682194 PPP2CA;JUN;IL6;STAT1;STAT3;AKT1;RAC
1;NLK;SGK1;MAPK14;MAP3K7;NFKB1 

Estrogen signaling 
WP1244 

0.014953045 0.067480407 JUN;CDK7;NCOR1;CCND1;BCL2;AKT1;BR
AF;IKBKG;MAPK14;NFKB1 

Dysregulated 
miRNA Targeting in 
Insulin/PI3K-AKT 
Signaling WP3855 

0.016635735 0.073197236 CCND2;COL4A2;BCL2;PIK3R3;FLOT2 

EPO Receptor 
Signaling WP1249 

0.016635735 0.071411938 PTPRU;STAT1;STAT3;AKT1;PDK1 

Mecp2 and 
Associated Rett 
Syndrome WP2910 

0.019604406 0.082151796 NCOR1;DLX5;BDNF;GAD1;E2F1;NREP;EZ
H2 

IL-5 Signaling 
Pathway WP151 

0.019867641 0.081318718 JUN;STAT1;STAT3;AKT1;RAC1;MAPK14;N
FKB1;ICAM1;DNM2 

mRNA processing 
WP310 

0.021482771 0.085931083 RBM8A;NIP7;CELF2;CELF5;NOL8;MSI2;EL
AVL3;PTBP1;SYNCRIP;ATXN1;EXOSC4;ZF
P385A;QK;ZFP740;RBM34;PPARGC1B;PSK
H1;RBM11;RBM33;TTC14;ZFP830;RBFOX2;
IMP3;ADAT1;PTBP2;CNOT4;SNRNP40;DD
X19B;SLC6A8;NCL;TRAF6;RBMS1;ACO1;S
REK1;SLC25A4;EIF4G2;RBMS2;CPEB4 

Cholesterol 
metabolism 
(includes both Bloch 
and Kandutsch-
Russell pathways) 
WP4346 

0.024199315 0.094646209 FADS2;NSDHL;SOAT1;MVD;SCD1;SREBF2
;ABCG1 

Primary Focal 
Segmental 
Glomerulosclerosis 
FSGS WP2573 

0.025535496 0.097701027 ITGB1;CD151;JAG1;ITGA3;WT1;AKT1;MY
H9;TLN1;LRP6 

Matrix 
Metalloproteinases 
WP441 

0.025967721 0.097240828 MMP25;BSG;TIMP3;TNF;MMP9 

G1 to S cell cycle 
control WP413 

0.02649497 0.097148224 ORC4;CDK7;CCND2;CCND1;MYC;E2F1;M
CM5;E2F3 

Id Signaling 
Pathway WP512 

0.029483681 0.105900568 CCNA2;TCF7L2;TCF3;SMAD5;RELA;NFKB
1;IGF1R 
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Supplementary Table 6.6: Top 50 WikiPathways Mouse enriched s-mEV cf retina 
miRNA Retinal Targets. 

Term P-value Adjusted P-value Genes 

Apoptosis WP1254 3.35E-05 0.005893115 HRK;CRADD;IGF2;XIAP;TNFRSF10B;PIK
3R1;CFLAR;IGF1;IGF1R;CASP8;BCL2L11;
TNFSF10;BCL2;MDM2;AKT1;BIRC5;PMAI
P1;IKBKG;FADD;BCL2L2 

MAPK signaling 
pathway WP493 

6.19E-04 0.054488801 PTPRR;NLK;ACVR1B;CRKL;NTF5;PPP3R
1;NRAS;CASP8;RAC2;AKT1;FLNA;IKBKG
;MAP3K7;MAP4K3;PDGFRB;TGFB2;BDN
F;DUSP1;PRKCD;BRAF;DUSP6;TGFBR1;D
USP7;RASA2;GRB2;PTPN7;CRK;MAP3K1
2 

TGF Beta Signaling 
Pathway WP113 

0.002271385 0.133254608 TGFBR3;SKI;ZEB2;STAT1;SERPINE1;STA
T3;SMAD9;CTNNB1;RUNX3;THBS1;SKIL;
TGFBR1 

Endochondral 
Ossification 
WP1270 

0.00374374 0.164724546 TGFB2;STAT1;IGF2;IGF1;RUNX3;IGF1R;
VEGFA;CTSL;PLAU;AKT1;CALM1;BMPR
1A;FGFR1 

IL-3 Signaling 
Pathway WP373 

0.004261116 0.149991277 STAT1;KCNIP3;STAT3;CSF2RB;PIK3R1;V
AV1;CRKL;BCL2L11;CREB1;CHEK1;BCL
2;RAC2;RARA;AKT1;BIRC5;GRB2;FCER2
A;CRK 

Mitochondrial Gene 
Expression WP1263 

0.005732001 0.168138695 GABPB2;CREB1;CAMK4;TFAM;NRF1;PP
ARGC1B 

p53 signaling 
WP2902 

0.007437297 0.186994888 SERPINE1;IGF1;RCHY1;THBS1;BBC3;CA
SP8;CCND1;ZMAT3;CHEK2;CHEK1;MDM
2;PMAIP1;SFN 

IL-2 Signaling 
Pathway WP450 

0.008933507 0.196537157 STAT1;STAT3;YBX1;PIK3R1;STAM;ETS1;
VAV1;CRKL;CREB1;BCL2;AKT1;GRB2;P
LCB1;CRK 

Focal Adhesion 
WP85 

0.011141803 0.217884156 ROCK2;PIK3R1;THBS1;CRKL;ACTG1;MY
LK;PIK3R5;CCND1;RAC2;AKT1;FLNA;PA
K6;ITGAV;PDGFRB;ITGA4;PTK6;BRAF;I
GF1;VAV1;VEGFA;COL4A2;ITGA11;BCL2
;GRB2;MET;CRK;ITGA9 

EGFR1 Signaling 
Pathway WP572 

0.022018371 0.387523327 CEBPA;PTPRR;HTT;PIK3R1;CRKL;PIK3C
2B;NRAS;SIN3A;REPS2;AKT1;APPL1;VA
V3;PRKCI;DUSP1;STAT1;STAT2;STAT3;R
FXANK;PTK6;VAV1;CEACAM1;CREB1;W
NK1;GRB2;CRK 

Regulation of Actin 
Cytoskeleton 
WP523 

0.022296803 0.356748846 PDGFRB;APC2;ROCK2;RDX;WAS;BRAF;
PIK3R1;PIK3C2A;VAV1;ACTG1;MYLK;PI
K3R5;SSH1;PIK3C2B;FGF5;GNA13;NRAS;
ABI2;RAC2;PAK6;CRK;FGFR1 

Chemokine 
signaling pathway 
WP2292 

0.026625635 0.390509315 CX3CR1;ROCK2;WAS;PIK3R1;CXCL5;CR
KL;PIK3R5;GNGT1;NRAS;CCL9;GNG2;RA
C2;AKT1;IKBKG;VAV3;XCR1;STAT1;STA
T2;PRKCD;STAT3;BRAF;VAV1;GNB4;GR
B2;PLCB1;CRK 

Dysregulated 
miRNA Targeting in 
Insulin/PI3K-AKT 
Signaling WP3855 

0.027920512 0.378000772 BCL2L11;COL4A2;BCL2;PIK3R1;EIF4E2;C
RKL 

Novel Jun-Dmp1 
Pathway WP3654 

0.027920512 0.351000717 NRAS;CCND1;E2F1;MDM2;BRAF;ETS1 
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Integrin-mediated 
Cell Adhesion WP6 

0.040123967 0.470787883 VAV3;GIT2;ITGA4;ROCK2;BRAF;CAPNS1
;ITGA11;RAC2;AKT1;PAK6;GRB2;ITGAV;
CRK;TNS1;ITGA9 

Kit Receptor 
Signaling Pathway 
WP407 

0.0414794 0.456273403 PTPRU;STAT1;STAT3;AKT1;TNFRSF10B;
CSF2RB;GRB2;PIK3R1;CRK;VAV1;CRKL 

G Protein Signaling 
Pathways WP232 

0.041695594 0.431672028 PRKCI;PDE4C;PRKCD;AKAP8;AKAP7;AK
AP5;AKAP2;GNGT1;GNA13;AKAP10;NRA
S;AKAP11;GNAL;CALM1 

IL-7 Signaling 
Pathway WP297 

0.045443465 0.444336103 CCNA2;BCL2L11;STAT1;STAT3;AKT1;GR
B2;PIK3R1;STAM 

Hedgehog Signaling 
Pathway WP116 

0.046129938 0.427308899 SKI;SMO;SIN3A;IGF2;SAP18 

Estrogen signaling 
WP1244 

0.048458363 0.426433592 GNGT1;CDK7;NCOR1;CREB1;CCND1;SIN
3A;BCL2;AKT1;BRAF;GRB2;IKBKG;GTF2
H2 

IL-5 Signaling 
Pathway WP151 

0.049847755 0.417771658 STAT1;PRKCD;STAT3;IL5RA;AKT1;CTN
NB1;CSF2RB;GRB2;PIK3R1;VAV1;CRKL 

Hypothetical 
Network for Drug 
Addiction WP1246 

0.060420755 0.483366038 GRIA2;CREB1;CAMK4;TERF2IP;GRIN2B;
GRIA3 

G13 Signaling 
Pathway WP298 

0.062861465 0.481026859 PPP1CB;GNA13;ROCK2;WAS;IQGAP2;CA
LM1;APBB3 

Mecp2 and 
Associated Rett 
Syndrome WP2910 

0.063337171 0.464472586 CREB1;NCOR1;SIN3A;BDNF;GAD1;E2F1;
YBX1;TAF1 

IL-9 Signaling 
Pathway WP10 

0.063983582 0.450444419 STAT1;STAT3;AKT1;GRB2;PIK3R1 

Adipogenesis genes 
WP447 

0.066578539 0.450685495 MEF2A;CEBPA;EPAS1;STAT1;STAT2;SER
PINE1;STAT3;LIFR;HNF1A;IGF1;SLC2A4;
CREB1;NCOR1;RARA;E2F1;PNPLA3;CTN
NB1;PCK1 

Focal Adhesion-
PI3K-Akt-mTOR-
signaling pathway 
WP2841 

0.072512105 0.4726715 CSF3R;EPAS1;SLC2A3;PIK3R1;HIF3A;SL
C2A4;PIK3C2A;THBS1;PIK3R5;IGF1R;PIK
3C2B;GNGT1;NRAS;GNG2;AKT1;ITGAV;I
KBKG;PDGFRB;NGFR;ITGA4;INSR;IGF1;
VEGFA;RAB11B;CREB1;COL4A2;PIK3IP1
;CDC37;ITGA11;GNB4;MDM2;GRB2;EIF4
E2;MET;IFNAR1;FGFR1;CREB5;ITGA9 

Monoamine GPCRs 
WP570 

0.077858755 0.489397886 HTR1F;ADRA1B;HTR5A;DRD3;ADRA2B;
ADRA2A 

EPO Receptor 
Signaling WP1249 

0.085182276 0.516968293 PTPRU;STAT1;STAT3;AKT1;GRB2 

TNF-alpha NF-kB 
Signaling Pathway 
WP246 

0.093590351 0.54906339 PIAS3;SMARCC1;CSNK2A1;CRADD;STA
T1;AKAP8;TNFRSF11A;RASAL2;CFLAR;I
QGAP2;MCC;SMARCA4;CYLD;CASP8;NK
IRAS1;CDC37;POLR1B;AKT1;FLNA;MCM
5;FADD;IKBKG;AZI2 

Insulin Signaling 
WP65 

0.094412446 0.53601905 SNAP25;PRKCI;STXBP4;INSR;PRKCD;SN
AP23;PIK3R1;SLC2A4;PIK3C2A;IGF1R;M
APK11;PFKL;RAC2;AKT1;GRB2;SGK3;M
AP3K7;CRK;MAP4K3;MAP3K12 

p38 MAPK 
Signaling Pathway 
WP350 

0.108740923 0.598075077 TGFB2;CREB1;STAT1;GRB2;MAP3K7;TG
FBR1 

Wnt Signaling 
Pathway NetPath 
WP539 

0.120398296 0.642124246 CSNK2A1;FZD7;CSNK1E;NLK;PAX2;SFR
P1;FRAT2;SOX1;CCND1;AKT1;PIN1;CTN
NB1;TCF4;MAP3K7 
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MicroRNAs in 
Cardiomyocyte 
Hypertrophy 
WP1560 

0.131342539 0.679890792 CDK7;ROCK2;STAT3;AKT1;CTNNB1;IKB
KG;PIK3R1;IGF1;CALM1;IGF1R;MYLK 

Osteoclast WP454 0.132097846 0.664263453 GPR68;TNFRSF11A;IFNAR1 

Biogenic Amine 
Synthesis WP522 

0.15439604 0.754825083 MAOA;GAD1;GAD2 

Microglia Pathogen 
Phagocytosis 
Pathway WP3626 

0.171758969 0.817015636 VAV3;RAC2;PIK3R1;PIK3C2A;VAV1;SIG
LECE 

ESC Pluripotency 
Pathways WP339 

0.196481151 0.91001796 PDGFRB;FZD7;STAT3;SMAD9;LIFR;BRA
F;HNF1A;FGF5;MDM2;AKT1;CTNNB1;GR
B2;FGFR1;BMPR1A 

Heme Biosynthesis 
WP18 

0.198199626 0.894439338 FECH;CPOX 

NLR Proteins 
WP1256 

0.198199626 0.872078354 IKBKG;MAP3K7 

Spinal Cord Injury 
WP2432 

0.198792061 0.853351287 EFNB2;MMP12;EPHA4;NGFR;VCAN;SEM
A6A;CCND1;BDNF;ROCK2;NCAN;E2F1;T
ACR1 

Signaling of 
Hepatocyte Growth 
Factor Receptor 
WP193 

0.199465221 0.835854259 STAT3;GRB2;MET;CRK;CRKL 

Heart Development 
WP2067 

0.215375513 0.881536985 TBX20;NFATC2;CTNNB1;NFATC1;VEGF
A;BMPR1A 

Leptin Insulin 
Overlap WP578 

0.226944213 0.907776852 INSR;STAT3;AKT1 

Serotonin and 
anxiety WP2141 

0.226944213 0.887604033 GABRA1;ARC;PLEK 

Small Ligand 
GPCRs WP353 

0.226944213 0.868308294 CNR1;S1PR3;PTGDR 

PluriNetWork 
WP1763 

0.22727331 0.851066012 ROCK2;NEDD4L;ACVR1B;FGF5;ZMYM2;
CCND1;SIN3A;AKT1;JARID2;CER1;SMAR
CC1;PBRM1;TLE2;INSR;STAT3;LIFR;ARI
D3B;SMARCA2;TGFBR1;SMARCA4;OCL
N;CREB1;SMO;NCL;MTF2;ZFP42;MDM2;
CTNNB1;PIN1;GRB2;FGFR1 

Ethanol metabolism 
resulting in 
production of ROS 
by CYP2E1 
WP4265 

0.233447833 0.855975387 PRKCD;CYP2E1 

Gene regulatory 
network modelling 
somitogenesis  
WP2852 

0.269007557 0.966231226 LFNG;EPHA4 
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Supplementary Table 6.7: DisGeNet s-mEV miRNA Retinal Targets. 

Term P-value Adjusted P-value Genes 

Proliferative diabetic 
retinopathy 

6.26E-06 9.18E-04 TCF7L2;IL13;PTN;TNF;MMP9;RELA;N
FKB1;PML;ICAM1;CCNA2;IL6;CXCL1
2;LOX;WNK1;BSG;PNPLA2 

Epiretinal Membrane 1.30E-04 0.008321468 WNK1;KHSRP;PTN;NF2;THBS1;MET;
RELA;NFKB1;PML;IGF1R 

Rhegmatogenous 
retinal detachment 

0.001202934 0.033778399 LOX;BCL2;TNF;CERS2 

Retinoschisis 0.00286381 0.062406935 RS1;DMD;FNDC3A;ACTG1 

Diabetic Retinopathy 0.00315325 0.066360044 FAAH;SEMA3A;NID1;TNF;THBS1;ICA
M1;IGF1R;LRP6;RS1;CNR1;TIMP3;PP
ARGC1B;TCF7L2;JAG1;KCNJ10;ITGA
4;BDNF;FUCA1;MMP9;NFKB1;OCLN;I
L6;LOX;CAT;PPARA;PNPLA2 

Retinal Hemorrhage 0.006019902 0.093024525 COL4A1;IKBKG;DNM2 
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7. Summary 
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Work presented in this thesis collectively builds upon the knowledge that inflammation 

is a key pathogenic contributor to the development and progression of retinal degenerations, 

including AMD1,12,39,272. It is widely known that accumulating levels of oxidative stress are 

able to overburden anti-oxidant defence mechanisms in the retina, leading to the activation of 

inflammatory and cell death pathways. This thesis therefore first presents findings on the role 

of GSTO1-1 in the degenerating retina, a thiol transferase protein that acts at the interface of 

oxidative stress and inflammation pathways, and has particular associations with the activation 

of the NLRP3 inflammasome (Chapter 3). Following, the contribution and therapeutic 

targeting of inflammasome components in the retina during retinal degeneration is presented 

in Chapters 4 and 5. Collective findings from these chapters implicate inflammasome 

components Caspase-1 and Gasdermin D as central mediators of photo-oxidative damage-

induced retinal cell death. Lastly, Chapter 6 outlines a novel protocol for the isolation of retinal 

s-mEV, and characterises the role of s-mEV and their enriched miRNA cargo in mediating 

retinal homeostasis and immune modulation. Taken together, the chapters of this thesis 

examine the role and regulation of multiple inflammatory pathways in the retina, drawing upon 

existing knowledge and highlighting future therapeutic targets for the treatment of AMD 

(Figure 7.1).  

 

Firstly, the role of GSTO1-1 in mediating oxidative damage and inflammatory pathway 

activation was explored in Chapter 3, using a photo-oxidative damage model of retinal 

degeneration. GSTO1-1, a cytosolic glutathione transferase enzyme316, was shown to induce 

high levels of oxidative stress in response to photo-oxidative damage, with mice deficient in 

Gsto1 demonstrating reduced retinal expression of total RNS/ROS levels compared to WT 

controls as well as decreased levels of the pro-inflammatory signalling molecules Ccl2, Il-1β 

and C3.  
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GSTO1-1 has been shown in macrophages to induce pro-inflammatory cytokine 

secretion through the activation of TLR4/NF-κB signalling pathways324,321. As well, GSTO1-

1 has been reported to activate the NLRP3 inflammasome via the deglutathionylation of a ROS-

sensing NLRP3 component, NIMA-related kinase 7 (NEK7)477. Although we localised 

GSTO1-1 to photoreceptor inner segments in this thesis, TLR4 has also been reported to be 

expressed on photoreceptors in other works478, and along with NLRP3 have both been 

associated with the pathogenesis of AMD11,14,16,17,124,155,156,375,401,479,480. We therefore proposed 

at the conclusion of Chapter 3 that therapeutic targeting of GSTO1-1 may provide some 

protection against retinal cell death in AMD, reducing downstream inflammatory cascades and 

the release of pro-inflammatory cytokines. 

 

Inhibition of GSTO1-1 has shown efficacy in vitro in macrophages, with both shRNA 

knockdown and pharmacological inhibition of GSTO1-1 using ML175 shown to decrease ROS 

production321. In addition, the use of GSTO1-1 inhibitor C1-27 resulted in decreased  

expression of NLRP3, active-CASP-1,  and IL-1β in BMDM stimulated with LPS/ATP or 

nigericin477. These authors interestingly demonstrated a specific association for GSTO1-1 with 

NLRP3, reporting no protection against inflammation or cell death following Caspase-11, 

AIM2, or NLRC4 specific stimulations in cells treated with C1-27477. Furthermore, inhibition 

of ASC-speck formation in GSTO1-1-inhibited macrophages following LPS/ATP stimulation 

suggested that GSTO1-1 may play a role in the assembly of the NLRP3 inflammasome477. 

While Chapter 4 demonstrates that NLRP3 may not play a significant role in the pathogenesis 

of retinal degenerations, we speculate that GSTO1-1 may be mediating its damaging effects 

through its role as a deglutathionylation enzyme. Future investigations should employ the use 

of these GSTO1-1 inhibitors in vivo in the retina to evaluate their efficacy as potential 
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therapeutic options for the treatment of retinal degenerations such as AMD. Further, this work 

should also be expanded using additional genetic models of retinal degenerations to verify 

these findings.  

 

Contrary to what is reported in the literature, we present in Chapter 4, in vivo evidence 

to suggest that NLRP3 may not play a significant role in the onset and progression of retinal 

degenerations. NLRP3 has to date been the primary focus of the research field investigating 

inflammasome-mediated retinal degeneration, however evidence implicating NLRP3 in AMD 

pathogenesis is largely based on correlative in vitro findings with very little in vivo evidence. 

Further, the cellular location of both gene and protein NLRP3 molecules has proved difficult 

to determine in the retina given the lack of specificity of available antibodies, and low detection 

thresholds for qRT-PCR measures of Nlrp3157. In addition, given the complex and multifaceted 

nature of AMD pathogenesis, no scientific consensus has been made in describing the specific 

pathogenic mechanisms by which NLRP3 is activated to potentially mediate retinal cell death. 

Activation of NLRP3 has been proposed to occur in response to high levels of oxidative stress 

or inflammatory components found in drusen11,16,64,126,127,150-152,156,173, however works by 

Wright et al., (2020) and Tarallo et al., (2012) present an alternative hypothesis suggesting that 

NLRP3 is activated as a result of the accumulation of Alu RNA in the RPE caused by DICER 

deficiencies481. In this model Wright et al., (2020) show that elevated levels of NLRP3, 

Caspase-1 and IL-18 were present in the retinas of Dicer-deficient mice481, while previous 

studies by the same group have demonstrated that knockout or inhibition of Nlrp3 using siRNA 

prevented DICER- and Alu RNA-induced RPE degeneration17,151,264. These findings however 

contradict results presented in Chapter 4, in which we localise NLRP3 gene transcripts to the 

inner retinal layers, demonstrate no change in Il-18 gene expression across photo-oxidative 

damage, and observe no retinal protection in Nlrp3-/- or pharmacologically inhibited mice.  
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The use of different in vitro and in vivo models may account for some of these 

contradictory findings, further complicated by the use of constitutive knock-out mice. 

Therefore, we suggest that robust exploration of NLRP3 using conditional or inducible knock-

out mouse strains (for example employing gene editing techniques such as CRISPR/Cas9482) 

in multiple in vivo models of retinal degeneration is essential to determining the pathological 

role of NLRP3 in retinal degenerations. In addition, the development and use of validated 

reagents would allow for the replicable and reliable identification of NLRP3 localisation in the 

retina, which is currently a major hurdle in this field, and prevents the development of effective 

therapeutics targeting NLRP3. 

 
 

Although we did not demonstrate a major role for NLRP3 in retinal degeneration, both 

Chapter 4 and 5 of this thesis present evidence to support a role for Caspase-1-dependent 

inflammasomes in mediating retinal cell death. Specifically, we show in both Casp1/11-/- mice 

and following inhibition with CASP-1 irreversible inhibitor ac-YVAD-cmk, that retinal levels 

of inflammation and cell death were reduced compared to negative controls. Effective 

inhibition of Caspase-1 was however only demonstrated via systemic daily administration of 

ac-YVAD-cmk, with intravitreal delivery of both Casp-1 siRNA and ac-YVAD-cmk 

producing little to no therapeutic benefit. We propose from these results that systemic 

inhibition of CASP-1 may act to protect the retina against degeneration by modulating the 

activation state of infiltrating systemic macrophage populations. However, investigating the 

polarisation and morphology of these immune cells is necessary to fully substantiate this 

hypothesis. Although results systemically inhibiting Caspase-1 are promising, it is likely that 

due to the large upregulation of Caspase-1 in retinal degenerations as observed in this work 

and others19,361,369, that investigating alternative therapeutic paradigms and developing slow-
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release and long-lasting pharmacological agents may prove more efficacious in combating 

Caspase-1 mediated retinal inflammation and cell death.  

 

 Given the observed retinal protection following Caspase-1 inhibition, the potential 

mechanisms of Caspase-1-induced retinal cell death was also explored in Chapter 5 of this 

thesis. While it is well known and previously demonstrated by this group that IL-1β plays a 

key role in retinal degenerations18, we present findings in this chapter also implicating 

pyroptotic executioner Gasdermin D as an important mediator of cell death in the retina. We 

demonstrate that Gsdmd-/- mice had preserved retinal function and reduced levels of 

inflammation and cell death compared to WT controls following photo-oxidative damage. 

Although works by Pronin et al., (2019) and Kerur et al., (2018) also provide correlative 

evidence to suggest that Gasdermin D may play an important role in the pathogenesis of retinal 

degenerations78,394,395, to date therapeutic targeting of Gasdermin D in the retina has not been 

comprehensively explored. It is likely though that this is due to the lack of specific inhibitors 

of Gasdermin D, with Disulfiram, Necrosulfonamide and LDC7559 all having additional off-

target effects due to their Cys-reactive properties185,483. The development of specific inhibitors 

would allow for further investigations into the role of Gasdermin D in the degenerating retina 

and the specific elucidation of the contribution of pyroptosis to retinal cell death.  

 

Gasdermin D has been widely reported to induce inflammatory cell death in 

microglia/macrophage populations and to mediate the secretion of pro-inflammatory cytokines 

IL-1β and IL-18 in a pyroptotic and non-pyroptotic manner76,135,390,412. However less-well 

characterised roles for this pore-forming protein also include in the secretion of neutrophil 

extracellular traps (NETs) and the release of exosomes.  NETs are large web-like structures 

composed of chromatin DNA and histone and antimicrobial proteins186,187, that are released by 
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dying neutrophils in a process called NETosis186. Under normal conditions NETs function in 

pathogenic clearance by catching and neutralising invading microorganisms186,187. However, 

excess production of NETs has been implicated in the pathogenesis of inflammatory diseases 

such as rheumatoid arthritis187, due to the combined increased presence of neutrophils, NETs 

and trapped DNA inducing the activation of myeloid cells and the release of pro-inflammatory 

molecules187. Gasdermin D pore formation has been shown to mediate the release of NETs 

from neutrophils following cleavage and activation by neutrophil serine proteases186,187,484. 

Although some evidence implicates neutrophils in the pathogenesis of retinal degenerations 

such as AMD485, this area of research is relatively unexplored. In addition to NETs however, 

more recently the presence of macrophage extracellular traps (METs) has been 

demonstrated486,487, with one study in particular reporting  Caspase-1-dependent METosis in 

human peripheral blood monocytes stimulated with E.coli. Further, this group showed that 

Caspase-1 inhibition via the use of z-YVAD-fmk reduced MET release from these cells487,488. 

While the presence of NETs and METs has not been investigated in the retina in health or 

disease, it is possible that given the association between Gasdermin D and NET formation, and 

the known role for macrophages as well as Caspase-1 and Gasdermin D in retinal 

degenerations; that extracellular traps derived from either neutrophils or macrophages may be 

involved in retinal pathologies and should be investigated in the future. 

 

While we did not investigate the Gasdermin D-dependent release of extracellular traps 

in this thesis, we did show preliminary evidence for the Gasdermin D-mediated secretion of s-

mEVs including exosomes as proposed by Cypryk et al., (2018)138. We suggest that following 

Gasdermin D activation in phagocyte populations that increased secretion of s-mEV may 

propagate inflammation during disease, leading to increased levels of cell death as reported in 

various other inflammatory diseases241-243,417,434. As this was only investigated in vitro in this 
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thesis, future works should investigate the release and contents of s-mEV in whole retinas from 

WT and Gsdmd-/- mice, as well as from isolated retina microglia/macrophage populations. 

 

Finally, the role of retinal s-mEVs in the regulation of retinal homeostasis and immune 

modulation was presented in Chapter 6, with results demonstrating an inverse correlation 

between photoreceptor death and s-mEV secretion. In addition, this chapter highlights the role 

that s-mEV miRNA cargo play in the regulation of the immune response in the retina, with a 

unique miRNA signature within s-mEV populations associated with the regulation of 

inflammatory and cell death pathways. Specifically, pathway enrichment of miRNA targets 

suggest that s-mEV-derived miRNA may modulate the response of microglial/macrophage 

populations in the retina. In particular miR-124-3p and miR-let-7c-5p, the two most highly 

expressed s-mEV-miRNA have previously reported roles in the regulation of microglial 

polarisation, with reduced levels of these miRNA causing microglial activation and impaired 

neuronal survivability489,490. Investigating the miRNA-dependent reprogramming of the 

microglial response will elucidate the immune modulatory role that s-mEV miRNA may play 

in the retina, and could therefore be used to develop specific therapeutic targets repressing 

phagocyte activation.  
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Figure 7.1: Summary schematic demonstrating the relationship between key 

inflammatory pathways and therapeutic targets investigated in this thesis.  

Inflammation is a key pathological feature in the development and progression of age-related 

macular degeneration (AMD). In particular, with the activation of microglia and subsequent 

release of pro-inflammatory cytokines strongly implicated in initiating retinal cell death. 

Therapeutic inhibition of inflammatory proteins including (A) GSTO1-1, (B) Caspase-1, and 

(C) Gasdermin D may therefore reduce pathological features of disease, with knock-out or 

inhibition of these targets shown to reduce oxidative stress and inflammation in the 

degenerating retina. Further, as a loss of s-mEV bioavailability has been correlated to the 

pathological features of retinal degeneration, including an upregulation of inflammatory 

pathways, infiltration and activation of microglia and progressive photoreceptor cell death, (D) 

therapeutic replenishment of s-mEV may be an ideal therapeutic strategy to restore homeostatic 

communication pathways in the retina, and slow the progression of degeneration.  
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Outcomes of the work presented in Chapter 6 also highlight the potential use for s-mEV 

gene therapy in the retina, with supplementation of retinal s-mEV and/or miRNA cargo 

hypothesised to restore retinal homeostasis and dampen overactive immune pathways. The use 

of EV as gene therapies is currently at the forefront of therapeutic development, with exosomes 

in particular widely investigated for their use as regenerative, neuroprotective and lowly-

immunogenic therapeutic agents205,215,216. Further, as exosomes and other EV are able to be 

easily genetically manipulated205, therapeutic selective loading of anti-inflammatory or 

homeostatic miRNA for example, could be developed as a treatment strategy. Given that 

multiple inflammatory pathways are dysregulated in the pathogenesis and progression of 

AMD, the use and therapeutic loading of EV may provide enormous therapeutic benefit as 

personalised gene therapies for the treatment of retinal degenerations. 

 

Together work in this thesis demonstrates the key role of inflammatory pathways and 

signalling in mediating retinal inflammation in AMD (Figure 7.1), and uncovers that 

therapeutic targeting of Caspase-1 reduces the secretion of pro-inflammatory signalling 

molecules such as IL-1β and s-mEV through the downstream prevention of Gasdermin D 

pyroptotic pore formation. Further, this thesis presents a novel role for retinal s-mEV and their 

selectively incorporated miRNA cargo in the modulation of the immune response, paving the 

way for the development of s-mEV gene therapies for the treatment of retinal degenerations 

such as AMD.  
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