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Abstract 

Background: Diabetic retinopathy (DR) is a chronic vascular disease of the retina that can lead 

to vision loss. Current DR therapies, including anti-vascular endothelial growth factors, mainly 

target late-stage vascular defects and long-term treatments have been shown to contribute to 

geographic atrophy and retinal ganglion cell death. Therefore, alternative treatments that target 

upstream disease mechanisms are needed. Recent studies have shown that connexin43 

hemichannels play a role in the pathogenesis of chronic inflammatory diseases and blocking 

these channels can alleviate vascular leak and inflammation associated with these conditions. 

However, there is conflicting literature with regards to connexin43 expression in DR. This is 

believed to be because most animal models used are hyperglycaemia-only models that do not 

take the significance of inflammation in the disease pathogenesis into account. Therefore, the 

main aim of this thesis was to develop a new DR model that combines both hyperglycaemia 

and inflammation and use it to investigate the role of connexin43 hemichannels in the disease 

pathology. 

Methods: Using immunohistochemistry, the effect of hyperglycaemia and inflammation on 

connexin43 expression patterns was evaluated in primary human microvascular endothelial 

cells as well as in Akita (Ins-/-) and Akimba (Ins-/-,hVEGF+/-) mouse models compared to human 

donor retinas with confirmed DR diagnosis. Using a retinal pigment epithelial cell line, the role 

of connexin43 hemichannels was then evaluated in terms of pro-inflammatory cytokine and 

ATP release as well as expression of inflammatory proteins, in particular to resolve the role of 

connexin43 hemichannels in the innate immune system inflammasome pathway. Building upon 

this work, a new model of DR was created by intravitreally injecting pro-inflammatory 

cytokines, IL-1β and TNF-α, into non-obese diabetic (NOD, hyperglycaemic) mice. The effect 

of connexin43 hemichannel block to prevent the development of DR signs was studied by 

administering a well characterised connexin43 hemichannel blocker, Peptide5, at the same time 

as the pro-inflammatory cytokines. Retinas were evaluated using in vivo ocular assessment 

techniques and immunohistochemistry. 

Results: Connexin43 levels increased in human donor retinas with confirmed DR diagnosis 

correlating with the expression patterns seen in in vitro and in vivo models only when 

hyperglycaemic and inflammatory processes were combined. Blocking connexin43 

hemichannels using Peptide5 prevented the amplification and perpetuation of inflammation (in 

particular the NLRP3 inflammasome pathway) by blocking the ATP autocrine feedback loop 
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that activates the inflammasome/inflammation cycle. NOD mice intravitreally injected with the 

pro-inflammatory cytokines developed vascular leak and oedema accompanied by pronounced 

inflammation of the retina, vitreous and optic nerve, signs that have previously been reported 

as advanced signs of DR. Intravitreal Peptide5 treatment resulted in reduced vascular leak, 

oedema and inflammation supporting the role of connexin43 in the disease pathogenesis. 

Conclusions: Taken together, the findings presented in this thesis have proven that the 

pathology of DR most likely arises from a combination of hyperglycaemia and inflammation. 

More significantly, connexin43 hemichannels play a role in the pathogenesis of DR such that 

connexin43 hemichannel block should be considered as a potential upstream approach for DR 

treatment. 
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1 Introduction and Literature Review 

1.1 An introduction to the retina 

The retina is a transparent and neural structure that transforms light input from the external 

environment into electrical signals that are interpreted by the brain (Masland, 2001a; Snell & Lemp, 

1997). The retina can be divided into the inner (closest to the vitreous) photosensitive layer, and 

the outer pigmented layer (Masland, 2001a; Snell & Lemp, 1997). The inner retina is often referred 

to as the ‘neuroretina’ as it is a part of the central nervous system and contains neurons and glia, as 

well as, epithelial cells that make up its eight layers (Kincaid & Green, 1999). In humans, the 

neuroretina is thin and transparent and extends radially from the optic disc to the ora serrata, 

becoming continuous with the ciliary epithelium at the most anterior part (Guyer et al., 1999; 

Masland, 2001a; Snell & Lemp, 1997). The retina is thickest around the optic nerve (560 µm) and 

is thinner towards the periphery (180 µm).  

Topographically, the central region of the retina is  the area centralis, which is between 4.5 – 6 

mm in diameter, and is located between the superior and inferior temporal regions (Hildebrand & 

Fielder, 2011). Within the area centralis is the macula, which is one optic disc in diameter (~1.5 

mm) and is located 3 mm temporal to the optic disc. The most central part of the macula is the 

fovea, a 0.35 mm wide depression that is the region of greatest visual acuity in the retina. A 

topographical representation of the macula and fovea within the area centralis is presented in 

Figure 1.1. Within the centre of the fovea is the foveola demarcated by the clivus and containing 

the highest density of cone photoreceptors (199,000/mm2). Interestingly, the central 500 µm of the 

fovea contains no retinal capillaries so that the fovea is entirely dependent on the choriocapillaris 

for its blood supply (Hildebrand & Fielder, 2011), a vital vascular structure that will be introduced 

in upcoming sections. 

1.1.1 The retinal layers 

The retina has ten layers and relies on intercellular communication to ensure normal function. 

Within these layers, there are 60 different neuronal types that are classified into five major classes: 

photoreceptors, bipolar cells, ganglion cells, horizontal cells, and amacrine cells (Masland, 2001b). 
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Additionally, other cell types in the retina include the retinal pigment epithelium and glial cells. 

Figure 1.2 outlines the different layers within the retina and the cell types found within each layer. 

 

Figure 1.1: Schematic illustration of the area centralis, macula and fovea within the retina. 

1.1.2 Cellular organisation of the retina 

The main non-vascular cell types within the retina are retinal pigment epithelial (RPE), glia, 

photoreceptor, interneuron, and ganglion cells. These are described briefly in the upcoming 

sections. 

1.1.2.1 Retinal pigment epithelial (RPE) cells 

The adult human retina contains approximately 3.5 million RPE cells with the greatest density 

present in the fovea (~5,000 cells/mm2) and the lowest density in the periphery (~2,000 cells/mm2) 

(Kaufman et al., 2011; Panda-Jonas et al., 1996). Tight junctions between RPE cells form the outer 

blood-retinal barrier that plays important physiological roles in mediating the flow of molecules 

between the relatively leaky choriocapillaries and the photoreceptor cells (Cunha-Vaz, 2013; la 

Cour & Tezel, 2005; Marmor & Zinn, 1979; Strauss, 2005). RPE cells have high levels of metabolic 

activity due to an abundance of mitochondria, endoplasmic reticulum and ribosomes (Burke, 1998; 

Strauss, 2005). Furthermore, basal and apical surfaces of RPE cells are invaginated, increasing the 
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surface area for cell communication and active transport with both the choriocapillaries and the 

photoreceptor cells (Hughes et al., 1998; la Cour & Tezel, 2005; Strauss, 2005). Additionally, RPE 

cells are pigmented, a feature that enhances light collection by overlaying photoreceptors 

(Hildebrand & Fielder, 2011). RPE cells also contribute to photoreceptor function by 

phagocytosing the tip of the photoreceptors, thereby improving recycling of membranous material. 

RPE cells also form the outer blood-retinal barrier that separates the highly vascularised choroid 

from the outer retina. Their blood-retinal barrier functions are also thought to be compromised in 

several diseases such as age-related macular degeneration (Cai et al., 2000).   

 

Figure 1.2: Schematic illustration of the retinal layers (left) and cell types (right).  

NFL = Nerve fibre layer; GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL = 

Outer plexiform layer; ONL = Outer nuclear layer; IS/OS = Inner segment/outer segment of photoreceptors; RPE = 

Retinal pigment epithelium. The round red circles indicate the blood vessels.  
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1.1.2.2 Glial cells 

There are four types of glial cells in the retina. These include Müller cells, astrocytes, microglia 

and oligodendrocytes. Of these, the most prevalent are Müller cells whose perikarya lie in the INL 

while their cell processes span all retinal layers (Kaufman et al., 2011). The basal lamina of Müller 

cells forms the ILM (inner limiting membrane) and OLM (outer limiting membrane). Importantly, 

Müller cells surround retinal blood vessels and play a role in optimising visual processing by 

regulating the local neuronal environment. Astrocytes, on the other hand, are derived from stem 

cells in the optic nerve and are found in the nerve fibre layer where they extend processes that 

surround retinal blood vessels, ganglion cells and nerve fibres (Provis, 2001). Microglia are 

phagocytic cells that are physiologically resident within the NFL, IPL and OPL. In pathological 

conditions, blood-borne microglia can infiltrate through the vasculature into the nuclear layers 

particularly the ONL (Provis, 2001). While microglia are not as populous as the aforementioned 

glial cell types, they are very mobile and can travel to any part of the retina. Oligodendrocytes are 

the least common glial cell, not present within the retina but that are best known for myelinating 

nerve fibres in the optic nerve and the rest of the central nervous system. Though retinal nerve 

fibres are usually unmyelinated, there has been evidence of myelination in certain areas which is 

undesirable and may be due to change in environmental conditions (Hildebrand & Fielder, 2011; 

Masland, 2001a). 

1.1.2.3 Photoreceptor, interneuron and ganglion cells 

Photoreceptors are the photon ‘sensors’ of the eye, converting light photons from the external 

environment into chemical signals that are transmitted to the brain, a process known as 

phototransduction at the level of the photoreceptor cell (Hildebrand & Fielder, 2011). There are 

two types of photoreceptors: the cone photoreceptors that are involved in colour vision and rod 

photoreceptors are involved in black and white vision and are responsible for resolution in low 

light conditions. The human retina contains about 5 million cone and 100 million rod photoreceptor 

cells. Only cone photoreceptors are found in the foveola region while rod photoreceptors dominate 

outside the foveola within the peripheral regions. Interneurons in the retina comprise bipolar, 

amacrine, horizontal, and interplexiform cells. Their main function is to collect and process neural 

signals from photoreceptors and transmit these signals to ganglion cells in the GCL. Ganglion cells 

are crucial in transmitting signals received from photoreceptor cells through interneurons to the 
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brain for interpretation. Therefore photoreceptors, interneurons, and ganglion cells act together to 

transform photonic inputs from the environment into chemical and electrical impulses that are 

interpreted and processed by the brain. This complex function requires high amounts of energy that 

are made available by substrates from the retinal vasculature, discussed in more detail in the 

upcoming section.  

1.1.3 Retinal blood supply 

Mammals are the only animals known to have vascularised retinas characterised by both retinal 

and choroidal circulation systems (Hildebrand & Fielder, 2011). The retinal circulation supplies 

the inner retina which lies between and includes the NFL and INL (Figure 1.3). The choroidal 

circulation supplies the outer retina that consists of the photoreceptors and their segments. 

Interestingly, there is no overlap between the two circulatory systems which has significant 

implications particularly during injury as lack of overlap makes the retina more vulnerable to the 

loss of either of the two circulatory systems.  

 

Figure 1.3: Cross sectional diagram of the retina showing retinal and choroidal circulatory systems. 
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1.1.3.1 Retinal circulation 

The main arterial supply to the inner retina is derived from the central retinal artery which is the 

first branch of the ophthalmic artery (Hildebrand & Fielder, 2011; Masland, 2001a). The central 

retinal artery gives rise to four main branches; the superior and inferior temporal and nasal retinal 

arteries. These retinal arteries lie within the NFL and travel towards the peripheral retina from the 

optic disc. The smaller arterioles that stem from the retinal arteries give rise to two capillary 

systems. The horizontal branches extend to and supply the NFL while the deep branches penetrate 

the deeper layers of the retina to form one to four horizontal branches depending on the thickness 

of the retina. The retinal circulation supplies all layers of the retina except the photoreceptor layer 

which has no blood vessels but relies on the choriocapillaris for its nutrients. The retinal capillary 

blood drains into the central retinal vein which in turn drains into the ophthalmic veins or the 

cavernous sinus directly. This organisation of retinal blood vessels has several significant clinical 

implications. Firstly, the closeness of arteries to veins means that they tend to affect each other in 

diseases. For instance, an increase in arterial pressure may cause compression of the neighbouring 

vein, further worsened by the fact that veins are more susceptible to compression due to their 

characteristically low hydrostatic pressure. Also, the retinal circulation is arranged in a manner 

such that any disruption to a retinal arteriole leads to complete loss of supply to that part of the 

capillary bed, thereby amplifying a focal and localised injury. These limitations of the retinal 

circulation make the system vulnerable to changes in the external environment.  

1.1.3.2 Choroidal circulation 

The choroid receives 80 % of all ocular blood compared to the 5 % that goes to the retina and 15 

% to the iris. This is because photoreceptors and RPE in the outer retina are avascular and depend 

on the choroid for blood supply (Olver, 1990). Like the retinal circulation, the choroidal circulation 

also stems from the ophthalmic artery which branches into the medial and lateral posterior ciliary 

arteries further dividing into one long and several short posterior ciliary arteries (Kaufman et al., 

2011; Provis, 2001). The short posterior ciliary arteries, with some minor contribution from the 

long posterior ciliary artery, feed into the choriocapillaris. The choroid is composed of three main 

layers: the layer of Haller, intermediate layer of Sattler and the choriocapillaris. Of these, the 

choriocapillaris is the most significant for retinal perfusion consisting of a single layer of dense 

capillary beds that feeds the RPE and photoreceptors. The choriocapillaris is separated from the 
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RPE cells by Bruch’s membrane. In total, the distance between the choriocapillaris and the 

photoreceptor layer is very short (< 20 µm) thereby allowing for nutrients and waste exchange to 

occur via facilitated diffusion. Studies suggest that the choroid has the highest rate of blood flow 

compared to any other tissue in the body, ten times higher than the brain, reflecting the high energy 

consumption by these outer retinal layers and the need to dissipate heat that accumulates with light 

absorption by the RPE pigment (Alm & Bill, 1973; Alm et al., 1973; Kaufman et al., 2011; Nickla 

& Wallman, 2010). The RPE and choriocapillaris are highly interdependent such that the RPE and 

photoreceptors depend on the choriocapillaris for nutritional support while the choriocapillaris also 

relies heavily on RPE cells during development and for maintenance (la Cour & Tezel, 2005; Saint-

Geniez & D’Amore, 2004).  

1.1.3.3 Outer and inner blood retinal barriers 

The BRBs are formed by retinal endothelial cells within the retina, and by RPE cells and stringently 

controls extra-retinal fluid and blood to and from the retina. Together, these selective physical and 

molecular cellular barriers control the movement of molecules and cells into and out of the retinal 

microenvironment (Cunha-Vaz, 2013; Kaufman et al., 2011; Masland, 2001a). The inner barrier is 

formed primarily by retinal endothelial cells that form retinal blood vessels and physically and 

molecularly separates the retina from blood components. The endothelial cells restrict paracellular 

transport by forming intercellular tight junction complexes, and regulate transcellular transport by 

limiting vesicle and fenestrae formation (Bolinger & Antonetti, 2016). Additionally, pericytes and 

glia provide support and protection to endothelial cells which is necessary for the maintenance and 

development of the BRB. Together, endothelial cells, pericytes and glia form the neurovascular 

unit of the inner retinal BRB and disruption in any of these cells can lead to increased vascular 

permeability in the retina. The outer BRB, on the other hand, is formed by tight junctions between 

RPE cells and separates the blood vessels in the choroid from the rest of the retina. Therefore, 

breakdown in RPE integrity, as seen in disease such as age-related macular degeneration (AMD), 

can lead to loss of vision due to loss of photoreceptor cells (McLeod et al., 2009). Only small 

molecules such as oxygen and small lipophilic molecules are able to diffuse across both barriers 

(Hildebrand & Fielder, 2011). Breakdown of the BRB is a pathological feature of many retinal 

disease, particularly chronic vascular pathologies such as AMD and diabetic retinopathy (DR). The 

following section of this chapter reviews the pathophysiology of DR, the disease of interest in this 

thesis.  
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1.2 Diabetic retinopathy – a clinical perspective 

DR, the most common complication of diabetes, is a degenerative disease that can lead to vision 

loss (Figure 1.4). A landmark study, the Wisconsin Epidemiological Study of diabetic retinopathy, 

has demonstrated that individuals suffering from diabetes have a 100% risk of developing some 

form of DR over the course of the disease (Durham & Herman, 2011). Within 20 years of diagnosis, 

virtually all Type I diabetics and 60% of Type II diabetics may show signs of DR (Antonetti et al., 

2006; Durham & Herman, 2011). In 2014, there were an estimated 422 million people living with 

diabetes worldwide, a 300% increase in diabetes incidence over about 30 years (ZhouLu, et al., 

2016). It is therefore not surprising that DR is the leading cause of blindness in the working-age 

population (people aged 20 to 64 years) in industrialized nations with DR accounting for 4.8% of 

cases of blindness worldwide (Bolinger & Antonetti, 2016; Ting et al., 2016). The current estimate 

of people living with any form of DR worldwide is 92.6 million and of these, 17.2 million and 20.6 

million people are believed to have proliferative DR (PDR) and diabetic macular oedema (DME), 

respectively, which are the sight-threatening forms of the disease (Yau et al., 2012).  Given the 

increasing occurrence of diabetes, it is expected that the incidence of PDR and DME will increase 

to 191 million and 56.3 million, respectively, by 2030 (Ting et al., 2016). These startling reports 

emphasize the need for a sound understanding of the disease pathology along with the development 

of effective therapeutic interventions to prevent the progression of DR, the primary aim of this 

thesis.  

1.2.1 Classifications of diabetic retinopathy 

The presence and grading of DR is usually assessed by fundoscopy, a clinical technique used to 

visualise the entire retina (Nentwich & Ulbig, 2015). Based on the nature of changes observed in 

fundus photographs, DR is classified into three categories: Non-proliferative or early stage DR 

(NPDR), proliferative or late stage DR (PDR), and DME. These classifications are discussed in 

further detail in the following subsections. 

1.2.1.1 Non-proliferative diabetic retinopathy 

The typical changes seen in NPDR are the presence of micro-aneurysms, cotton wool-like spots 

caused by retinal haemorrhaging, and hard exudates (Nentwich & Ulbig, 2015). These changes are 

often localised temporally relative to the macula and are thought to be caused by pericyte loss and 

 
Page 9 

 



Chapter 1: Introduction and Literature Review 
 

breakdown of the vasculature that occurs in DR. As the disease progresses, damage to the 

microvascular network of the retina becomes extensive, thereby increasing the risk of PDR.   

 

Figure 1.4: Symptoms (top) and signs (bottom) of proliferative diabetic retinopathy.  

Images of diabetic retinopathy symptoms obtained from http://www.oculaser.com/eye-conditions/diabetic-

retinopathy/. Images of diabetic retinopathy signs obtained from https://smart.servier.com/.  

1.2.1.2 Proliferative diabetic retinopathy 

PDR is thought to be initiated by retinal ischaemia that results from loss of vascular integrity and 

leads to poor retinal perfusion (Nentwich & Ulbig, 2015). Retinal ischaemia stimulates a response 

mechanism known as neovascularisation, the formation of new vessels with the intent of re-

vascularising the ischaemic tissue. However, due to the unhealthy environment into which the 

vessels grow, they are weak and leaky thereby worsening the condition. For this reason, rather than 

promoting tissue re-vascularisation, neovascularisation is a pathological angiogenic process that 

worsens the disease by increasing leakage of blood-borne fluid and debris into the retina. 

Additionally, fluid accumulation within the retina due to vitreous haemorrhaging can obstruct the 
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light path to the retina, leading to vitreoretinal traction and contributing to retinal detachment 

(Bolinger & Antonetti, 2016). PDR is also associated with elevated intraocular levels of vascular 

endothelial growth factor (VEGF) that acts as both a growth factor to promote neovascularisation 

and a pro-inflammatory cytokine triggering various deleterious mechanisms that will be discussed 

in later sections.  

1.2.1.3 Diabetic macula oedema 

DME is the major cause of vision loss in diabetic patients with approximately 11% of Type I and 

14% of Type II diabetics develop DME after 10 years of diabetes (Romero-Aroca et al., 2011). 

DME can occur during NPDR or PDR and is caused by disruption of the BRB leading to excessive 

fluid leakage at the macula (centre-involving) or areas around the macula (non-centre-involving). 

Netwich and Ulbig (2015) suggested that DME is a direct consequence of hyperglycaemia-

mediated vascular endothelial damage, increased levels of growth factors and inflammatory 

cytokines, as well as pericyte loss. Loss of vascular integrity resulting from these pathologies leads 

to exudation of fluids, lipids and proteins into retinal tissue spaces which, in severe cases, results 

in retinal detachment (Klaassen et al., 2013; Nentwich & Ulbig, 2015). However, changes in 

vascular homeostasis may not be the only cause of vision loss resulting from DME. Some studies 

suggest that factors such as inflammation, glutamate excitotoxicity, and disturbed ion homeostasis, 

necessary for neurotransmission, are additional mechanisms that could potentially contribute to 

neuronal cell death and dysfunction characteristics of the disease (Bolinger & Antonetti, 2016). 

The upcoming sections evaluate in greater detail some mechanistic pathologies that have been 

linked to DR.  

1.2.2 Pathophysiology of diabetic retinopathy 

DR is associated with various molecular, vascular and inflammatory changes that work in 

congruence to influence the development and progression of the disease. It is generally believed 

that these changes begin during the early stages of diabetes, thereby providing a window of 

opportunity for therapeutic interventions that can prevent progression to DR. The following 

subsections discuss these changes in detail, then briefly mention the therapeutic interventions that 

are being considered.  
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1.2.2.1 Cellular changes in diabetic retinopathy 

DR is commonly referred to as a ‘chronic vascular pathology’ because complications such as DME 

and vision loss are caused by loss of vascular integrity (Durham & Herman, 2011; Fowler, 2008; 

Kassab et al., 2001). The vascular pathology of DR result primarily from loss of endothelial cells 

and pericytes, ‘scaffolds’ that maintain the vascular integrity of the inner retina. In addition, glial 

cells that support and anchor vascular endothelial cells become dysfunctional, further exacerbating 

and accelerating the disease formation. These vascular pathologies have been extensively 

researched and is thought to be central to the overall disease process. The pathologies trigger the 

compensatory but defective re-vascularisation mechanism, neovascularisation that worsens the 

disease progression by increasing fluid build-up in surrounding tissues. The following subsections 

discuss each of these vascular pathologies in terms of their development and persistence in the 

disease process. 

1.2.2.1.1 Retinal endothelial cell death 

Loss of vascular integrity in DR is further worsened by the death of capillary endothelial cells. 

Tang and colleagues (2003) reported that an increase in endothelial cell apoptosis accompanied by 

a decrease in the recruitment of endothelial progenitor cells lead to build-up of acellular capillaries 

in the retina. Particularly, endothelial cell apoptosis is believed to be a result of both mechanical 

and molecular pathological mechanisms. For instance, Dardik et al. (2005) showed that whilst shear 

stress promotes endothelial survival physiologically, pathological strain can lead to endothelial cell 

apoptosis due to decreased Akt phosphorylation, increased intercellular adhesion molecule-1 

(ICAM-1) expression, and decreased E-selectin inhibition. This study presented a pathological 

pathway whereby mechanical disturbance lead to activation of deleterious molecular mechanisms 

that promote endothelial cell death.  On a different axis, Darland and colleagues (2003) reinforced 

the importance of pericyte-endothelial cell interaction in maintaining vascular integrity. In 

particular, the study suggested that pericyte-endothelial cell contacts promote pericyte secretion of 

several endothelial cell survival factors such as cell-associated VEGF, as inhibition of cell-

associated VEGF lead to a 75% increase in endothelial cell apoptosis. The findings by Darland and 

colleagues oppose literature that suggests a pathological role for VEGF in DR as will be discussed 

in upcoming sections. Nonetheless, these studies taken together highlight that endothelial cell death 
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occurs in DR and contributes to the loss of vascular integrity that exacerbates the disease 

progression.  

1.2.2.1.2 Pericyte cell death 

Pericyte cell death is often regarded as one of the earliest signs of DR. Kuwabara and Cogan (1963) 

were the first to show pericyte loss in DR in trypsin digested rat retinal flat mounts. About 30 years 

later, Mizutani and colleagues (1996) supported these findings using human tissues and animal 

models to show loss of both pericytes and endothelial cells, cell types that form the structural basis 

of retinal blood vessels. Li et al. (1997) went on to prove that pericyte loss in DR is driven by 

apoptosis. Additionally, Geraldes and colleagues (2009) showed that the apoptotic process is 

associated with a hyperglycaemia-mediated action on the Protein Kinase-C (PKC) pathway, 

leading to inhibition of platelet derived growth factor β (PDGF-β) through the PKC target 

phosphatase (SHP-1) enzyme. Pfister and colleagues (2008) then suggested that pericyte migration, 

mediated by the Ang/Tie signalling pathway, is the key mechanism governing loss of pericytes in 

DR, as opposed to the PKC-mediated apoptotic mechanism previously described.  

Another line of argument suggests a focus on the relationship between pericytes and endothelial 

cells where diabetes-mediated changes affecting pericyte-endothelial cell communication may 

exacerbate pericyte death (Durham & Herman, 2011; Hammes, 2005). This has been particularly 

evident in studies by Benjamin et al. (1998) and Hellstrom et al. (2001), suggesting that pericytes 

are important in maintaining vascular integrity through their effect on endothelial cell structure and 

function. In line with the PDGF-β theory posed by Geraldes et al., Benjamin and colleagues 

described a PDGF-β-dependent mechanism through which pericytes mechano-chemically remodel 

the retinal vasculature. The study showed this by intravitreally administering PDGF-BB, a protein 

that recruits PDGF-β-positive pericytes, during the optimal time for vascular remodelling in the 

retina. This led to detachment of PDGF-β-positive pericytes from the newly formed vessels 

resulting in disruption of pericyte-endothelial interactions and eventually, loose and disorganised 

junctions between pericytes and endothelial cells weakening the blood vessels. Taken together, 

these studies describe different mechanisms that point towards a role for pericytes in the 

maintenance of vascular integrity of retinal blood vessels. Furthermore, the studies show that 

pericyte apoptosis is a feature of DR and may play a role in the pathogenesis of the disease.  
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1.2.2.1.3 Glial cell dysfunction 

In their capacity as supportive cells to retinal vessels, astrocytes and Müller cells have long been 

investigated as cell types affected by diabetes (Eisma et al., 2015). Nork et al. (1987) were the first 

to show that reactive astrogliosis, measured by glial fibrillary acid protein (GFAP) levels, was 

higher in human donor eyes from patients with PDR compared to NPDR. Mizutani and colleagues 

(1998) also described an increase in GFAP staining localised throughout the entire length of Müller 

cells, unlike in non-diabetic retinas where GFAP was proximally localised within the GCL only. 

Furthermore, increased GFAP has been demonstrated in several animal models of diabetes and is 

now considered an indication of retinal tissue stress (Barber et al., 2000; Eisma et al., 2015; 

Rungger–Brändle et al., 2000). Rungger–Brändle and colleagues (2000) found that GFAP 

expression increased in STZ-induced diabetic rats and this correlated with increased density of 

Müller cells and microglia. These findings were mirrored by Barber et al. (2000) where GFAP 

expression was found to be higher in Müller cells and astrocytes of  STZ-induced diabetic rat 

retinas. Collectively, these studies bring to light the significance of glial cells in retinal function 

and their possible pathological role in diabetes-mediated retinal damage.   

1.2.2.2 Molecular and inflammatory changes in diabetic retinopathy 

Hyperglycaemia is considered the main instigator of diabetes-induced damage to the retina. 

Nonetheless, despite decades of research, researchers have been unable to fully elucidate the 

mechanisms through which hyperglycaemia induces DR. So far, various studies suggest that 

hyperglycaemia may contribute to DR by influencing molecular pathways such as the production 

of advanced glycation end-products and activation of protein kinase C, polyol, and poly (ADP-

ribose) polymerase (PARP) pathways (Joussen et al., 2004; Nentwich & Ulbig, 2015; Ola et al., 

2012). These studies suggest that through these pathways, hyperglycaemia triggers apoptosis, 

inflammation, oxidative stress and neovascularisation, which in turn damage the retina, leading to 

DR. However, recent preclinical and clinical studies support the idea that DR is associated with 

persistent and chronic inflammation characterised by increased levels of inflammatory mediators, 

leukocyte activation and adhesion, and reactive oxygen species (ROS) formation (Forbes & 

Cooper, 2013; Fowler, 2008; Joussen et al., 2004). Therefore, it is more likely that hyperglycaemia 

and inflammation work together to stimulate detrimental metabolic and functional pathways that 

damage the retina and result in vision loss (Joussen et al., 2004). In support of this hypothesis is 
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the finding that anti-inflammatory therapies can significantly slow down the progression of the 

disease in a large proportion of the population (Joussen et al., 2004; Joussen et al., 2002; Kern, 

2007; Spaide & Fisher, 2006; Zhang et al., 2011). However, the fact that these therapies are often 

unable to halt the disease altogether suggests that other underlying pathologies may also play 

critical roles in the disease development and progression. More recently, studies have described 

the potential contribution of the inflammasome pathway in the disease pathology (Shi et al., 2015). 

The upcoming sections briefly describes these molecular mechanisms commonly referred to as 

underlying the pathogenesis and pathophysiology of DR.  

1.2.2.2.1 Vascular endothelial growth factor  

Vascular endothelial growth factor (VEGF) is an endothelial cell-specific growth factor that has 

been extensively studied in DR. This is because several clinical and non-clinical studies have 

provided evidence that elevated VEGF levels are associated with various pathological mechanisms 

of DR (Aiello et al., 1995; Awata et al., 2002; Boulton et al., 1998; Darland et al., 2003; Lu et al., 

1999; Nicholson & Schachat, 2010; Simo & Hernandez, 2008; Yoon et al., 2003). VEGF is thought 

to act through its receptors, VEGF-receptor 1 (FLT1) and VEGF-receptor 2 (FLK1), to increase 

endothelial cell proliferation, vessel permeability and blood flow in retinal blood vessels (Bates & 

Harper, 2002). The study by Boulton and colleagues (1998) was the first to show that VEGF is 

absent in normal human retina but present in diabetic eyes. The study found that VEGF was 

localised in endothelial cells and perivascular regions, correlating with vascular lesions, and that 

the intensity of VEGF staining increased with increased severity of the disease. These findings 

mirror previous research carried out in streptozotocin (STZ)-induced diabetic rats by Murata and 

colleagues (1996) where increased VEGF expression and BRB breakdown correlated with 

increased diabetes duration. They also studied the expression pattern of VEGF within the different 

retinal cell types and found that VEGF expression increased in ganglion cells, glial cells whose cell 

processes are close to retinal vessels, pericytes and the RPE compared to control retinas. The 

localisation of VEGF on cells associated with blood vessels and the understanding that VEGF 

causes endothelial cell proliferation suggests that VEGF worsens DR by stimulating 

neovascularisation. This idea is supported by the finding that inhibition of VEGF directly 

suppresses retinal neovascularisation (Aiello et al., 1997; Aiello et al., 1995). Contrary to these 

findings, several studies have suggested an indirect regulation of neovascularisation by VEGF 

through factors such as insulin growth factor-1, ICAM-1 and pigment epithelium-derived factor 

 
Page 15 

 



Chapter 1: Introduction and Literature Review 
 

(PEDF) (Gao et al., 2001; Lu et al., 1999; Smith et al., 1999). Despite the discrepancies in VEGF 

action seen in these studies, it is possible that the wide-acting nature of VEGF means that it can act 

both directly and indirectly on endothelial cells to mediate endothelial hyper-permeability and 

neovascularisation. These studies, when taken together, highlight the significance of VEGF and 

thus potential therapies in DR. 

1.2.2.2.2 Inflammatory cytokines 

One of the first studies to evaluate the importance of inflammatory processes in DR was conducted 

by Powell and Field (1964). The study showed that diabetic patients taking the anti-inflammatory 

drug, salicylic acid, had a lower incidence of DR. These findings triggered extensive research into 

the role of inflammation in DR. Krady et al. (2005) used a STZ rodent model of DR to show that 

microglial activation is an early and necessary event in DR and that hyperglycaemia is able to 

directly increase the mRNA levels of two important pro-inflammatory cytokines (IL-1β and TNF-

α) that activate various inflammatory pathways. Furthermore, minocycline, an anti-inflammatory 

drug, significantly decreased TNF-α induced COX-2 expression in microglia, retinal neuronal cell 

death triggered by activated microglia, and diabetes-induced apoptosis in the retina (Krady et al., 

2005). Therefore, this study was able to show that through inflammatory mediators, 

hyperglycaemia is able to stimulate disruptive pathways that lead to DR. These findings were 

supported by Brucklacher and colleagues (2008) where the STZ-induced rat model was used to 

show increased expression of pro-inflammatory cytokines in diabetes. Demircan and colleagues 

(2006) measured the levels of IL-1β and TNF-α in the vitreous and serum of patients with 

proliferative DR and found significantly higher levels of both cytokines in DR patients compared 

to normals.  

In addition to IL-1β and TNF-α, several studies have suggested that monocyte chemoattractant 

protein-1 (MCP-1), a monocyte recruitment protein, is also increased in DR (Capeans et al., 1998; 

Elner et al., 1995; Harada et al., 2006; Hong et al., 2005; Marumo et al., 1999; Mitamura et al., 

2001; Nakazawa et al., 2007; Tashimo et al., 2004). Unlike IL-1β and TNF-α, many studies believe 

that MCP-1 expression is stimulated by VEGF, instead of directly by hyperglycaemia (Boulton et 

al., 1998; Brucklacher et al., 2008; Marumo et al., 1999; Murata et al., 1996; Simo & Hernandez, 

2008; Waltenberger et al., 2000). Marumo and colleagues (1999) showed that VEGF stimulates an 

increase in MCP-1 expression via the NF-κB pathway using an in vitro endothelial cell model. 
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These findings were in line with human studies by Waltenberger et al. (2000) where VEGF induced 

monocyte chemostasis via the FLT1 VEGF receptor. In order to study the pathological role of 

MCP-1, several studies have evaluated its effect on retinal cells and the vasculature (Harada et al., 

2006; Hong et al., 2005; Nakazawa et al., 2007). Hong and colleagues (2005) showed that a VEGF-

stimulated increase in MCP-1 results in angiogenesis. Harada and colleagues (2006) proved that 

MCP-1 leads to increased cell death of cultured Müller cells in high glucose concentrations via 

activation of the NF-κB pathway. In addition to this, Nakazawa and colleagues (2007) suggested 

that MCP-1 leads to retinal detachment, and, eventually, photoreceptor apoptosis. Another 

evidence for the pathological role of MCP-1 comes from a study by Tashimo et al. (2004) where 

MCP-1 increase seen in DR correlates with disease severity. Interestingly, the study found that 

with increasing MCP-1, macrophage migration inhibitory factor (MIF) also increases, suggesting 

a cooperative relationship between MCP-1 and MIF in DR. Taken together, it is apparent that 

cytokines and chemokines in general play several pathological roles in DR and may be suitable 

targets for therapeutic interventions.  

1.2.2.2.3 Leukostasis and leukocyte adhesion 

Leukostasis has been shown to increase in the retina of DR patients and animal models and is 

thought to contribute to BRB breakdown and capillary leakage in the disease. Mcleod and 

colleagues (1995) examined the immunolocalisation of neutrophils and ICAM-1, an important 

mediator of neutrophil adhesion, within the retina and choroid of diabetic patients. Their results 

showed that while normal patients had low levels of ICAM-1 within the choriocapillaris, diabetic 

patients had elevated ICAM-1 expression localised throughout the choroidal vasculature and retinal 

blood vessels. Barrouch et al. (2000) also confirmed the presence of leukostasis in diabetes by 

measuring the expression of surface integrins (CD11a, CD11b and CD18) that play a role in 

leukocyte adhesion. The study found that levels of these integrins were elevated in STZ-induced 

diabetic rats compared to controls. Their results were further supported by Song and colleagues 

(2007) that showed a severity-dependent increase in expression of these integrin proteins in DR 

patients compared to controls. Joussen and colleagues (2004) went further and described a direct 

causal relationship between endothelial cell dysfunction and increased leukostasis. They believed 

that increased leukocyte adhesion to endothelial cells lead to endothelial cell dysfunction, blood-

retinal barrier breakdown and eventually, diabetic macular oedema and vision loss. In their study, 

they evaluated the long term functional and anatomical pathology of DR using mice deficient in 
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CD18 and ICAM-1 and found that these knockout mice had decreased leukostasis, endothelial 

injury, BRB breakdown, and less severe anatomical pathologies. Their findings indicated that the 

absence of these molecules reduced endothelial cell injury, thereby protecting retinal blood vessels 

and preventing DR. Taken together, these studies highlight the significance of leukocyte activation 

and adhesion pathways in the pathology of DR.  

1.2.2.2.4 Inflammasome pathway activation 

The inflammasome was first described by Martinon et al. (2002) as a large molecular entity that 

activates caspases and induces cleavage of inactive to active forms of IL-1β. It is now well known 

that the inflammasome is a complex made up of NOD-like receptor (NLR) proteins, apoptosis-

associated speck-like protein containing a caspase activation and recruitment domain (ASC) and 

pro-caspase 1 (Ozaki et al., 2015). The inflammasome can be induced by a plethora of different 

molecules that trigger complexing of the inflammasome components and a conformational change 

that converts pro-caspase 1 to caspase 1 that in turn cleaves and activates inflammatory molecules 

such as IL-1β and IL-18 for release. To date, five NLRs have been discovered: NLRP1, NLRP2, 

NLRP3, AIM2 and NLRC4. Of these, NLRP3 has been the most studied. NLRP3 can be activated 

by pathogen-associated molecular patterns (PAMPs) such as bacterial liposaccharides, as well as 

damage-associated molecular patterns (DAMPs) such as ATP (Mariathasan et al., 2006; Rathinam 

et al., 2012).  

In diabetes, it is believed that high levels of glucose in the pancreas induce NLRP3 aggregation by 

activating thioredoxin-interacting protein (TXNIP) through oxidative stress (Zhou et al., 2010). 

Some studies also suggest that amyloid protein deposition in islet cells can also trigger IL-1β 

production by activating the NLRP3 inflammasome (Donath & Shoelson, 2011; Masters et al., 

2010). In the retinal diseases specifically, NLRP3 activation has been reported in both AMD and 

DR (Guo, Yu, et al., 2016; Ildefonso et al., 2016; Loukovaara et al., 2017). Clinical studies report 

that patients with PDR have higher levels of all components of the inflammasome complex 

compared to controls (Loukovaara et al., 2017). Guo and colleagues (2016) also suggest that in 

ischaemia/reperfusion injuries such as retinal ischaemia, NLRP3 activation occurs and contributes 

significantly to the disease progression. Despite these studies, the exact mechanism of 

inflammasome pathology in DR is yet to be fully understood. It is possible that any or most of the 

inflammatory proteins that are secreted in response to inflammation may induce NLRP3 activation 
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and worsen the DR progression. Nonetheless, the close relationship between NLRP3 and activation 

of pro-inflammatory cytokines, suggests that this protein complex is likely to play a key role in the 

disease.  

1.2.2.2.5 Oxidative stress 

Similar to other pathways activated in DR, researchers believe that the increase in ROS levels is 

directly mediated by hyperglycaemia. While it is generally believed that ROS production is due to 

hyperglycaemic action on AGE, hexosamine, PKC, and polyol pathways, the exact sources of ROS 

in the diabetic retina remain unclear (Caldwell et al., 2008; Giacco & Brownlee, 2010; Kowluru & 

Chan, 2007; Ola et al., 2012; Vidya et al., 2011; Zheng & Kern, 2009). Madsen-Bouterse and 

colleagues (2008) suggested that hyperglycaemia may stimulate ROS formation by activating the 

glycolytic pathway in the mitochondria thereby increasing cytosolic NADH levels and electron 

flux through the tricarboxylic acid cycle (TCA). Contrary to these opinions, Ola and colleagues 

(2006) argue that ROS may not be produced in the mitochondria as they found no change in 

mitochondrial glycolytic or TCA cycle in response to hyperglycaemia. Nyengaard and colleagues 

(2004) supported this line of thought as they were also unable to show that hyperglycaemia leads 

to increased ROS by changing the redox state in retinal mitochondria. 

In order to further understand the mechanisms surrounding increased ROS formation in DR, 

researchers have explored the role of ‘metabolic memory’ in cells in determining the source of 

long-term sustained ROS production (Ola et al., 2012). Holman and colleagues (2008) had 

previously used this concept to define chronic changes in vascular endothelial cells that cannot be 

a result of hyperglycaemia alone. On a similar note, a number of studies have indicated that 

hyperglycaemia alone may not be sufficient to sustain a constant level of ROS production (Kowluru 

& Chan, 2007; Ola et al., 2006; Zheng & Kern, 2009). Instead, these studies propose that 

lipoprotein mechanisms altered in diabetes and high levels of excitatory amino acids and growth 

factors are able to stimulate sustained ROS production through the ‘metabolic memory’ route.  

However, regardless of the source, a number of studies suggest that ROS plays a detrimental role 

in the progression of DR. Some studies have shown that blocking ROS formation using anti-

peroxidation agents such as vitamin E may be an effective treatments of DR (Ola et al., 2012; 

Yamagishi & Matsui, 2011). However, it is important to note that the significance of ROS in 

diabetes is still unclear as its production may be a consequence of tissue damage or its formation 
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in early stages could signify that it plays a crucial role in the development of late stage pathologies. 

Nonetheless, the fact that β-cells are highly deficient in antioxidant enzymes, make them more 

susceptible to ROS-mediated disruptions. Consequently, more in-depth studies are required to 

define the significance of ROS production in DR and explore its effectiveness as a possible target 

for DR treatment.   

1.2.3 Animal models of diabetic retinopathy 

Due to the limitations associated with post-mortem tissues, various studies over the last few 

decades have focused on the use of animal models to understand the pathophysiology of DR 

(Chatenoud, 2008; Kern & Mohr, 2007; Lang & Bellgrau, 2004; Robinson et al., 2012). These 

studies have mainly included the use of rodents (rats and mice), dogs, cats, pigs, and non-human 

primates. Induction of diabetes has been mainly chemical-based such as the use of STZ to impair 

insulin-producing islet cells (Chatenoud, 2008; Robinson et al., 2012). Other methods include 

surgical pancreatectomy, spontaneous or selective breeding and genetic manipulation. Most of the 

models created using these methods are models of Type I not Type II diabetes; given that Type II 

diabetes represents over 90% of the entire diabetes population, this discrepancy may be significant. 

However, Type II diabetes is difficult to model because it takes a long time for animals on a high 

glucose diet to develop diabetes. Furthermore, it takes an even longer time, if at all, for animals to 

develop DR without any chemical or physical manipulation. Consequently, transgenic or knockout 

mice models are now being studied to understand the molecular mechanisms underlying DR 

(Robinson et al., 2012). However, animal models remain limited because it is not possible to depict 

all of the vascular pathologies present in DR in any of the current models. Table 1.1 summarises 

different animal models along with their vascular pathologies to draw attention to the advantages 

and limitations of each model. Interestingly, of all the rodent models presented in the table, only 

the Akimba mouse has shown signs of neovascularisation and extensive macula oedema. As a 

result, the Akimba mouse is often referred to as the only mouse model of advanced DR 

(Wisniewska-Kruk et al., 2014).  

The recently developed Akimba mouse is a genetic DR model that combines two previously 

existing animal models, the diabetic Akita mouse with a naturally occurring Ins2 gene mutation, 

and the trVEGF029 Kimba mouse in which photoreceptors overexpress the human VEGF protein 

(Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014). Previous studies have shown that the 
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Akimba mouse uniquely displays features of advanced DR, most of which are not present in other 

models of the diseases (Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014) as shown in Table 

1.1. Wisniewska-Kruk et al. (2014) showed that the Akimba mouse had reduced expression levels 

of various endothelial cell-specific markers such as von Willebrand factor and CD31 which 

indicate loss of blood vessels. Furthermore, Rakoczy et al. (2010) reported that the Akimba mouse 

showed higher prevalence of extensive retinal edema that persisted with age compared to either of 

its parents. However, while the Akimba model has been described as a good model of advanced 

DR, it is important to note that the effect of VEGF overexpression precedes the manifestation of 

diabetic signs, hence the model does not accurately mimic the sequence of disease development. 

Nonetheless, the Akimba model is the only known mouse to show signs of advanced DR such as 

neovascularization and extensive macula oedema (Wisniewska-Kruk et al., 2014).  

Table 1.1: Retinal lesions reported in literature in the most common hyperglycaemia-based rodent models of 

diabetes and DR.  

 
Retinal 
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Types of retinal 
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Rat models Mouse models 
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Capillary 
disorders 

Acellular capillaries - + + + + + - - + + - + + - 
Loop formation of 

capillaries - - - - - - + - - - - - - - 

Capillary drop out - - - - - - - - - - - - - + 
Thicker capillary 

basement membrane + + + + - + + - - + - + - - 

Vascular occlusions 
of retinal capillaries + - - - - - - - - - - - - - 

Microvascu
lar 

abnormaliti
es 

Intra-retinal 
microvascular 
abnormalities 

- + - - - - - - - - - - - - 

Loss of retinal 
microvessels - - - - - - - - - - + - - - 

Vessel calibre 
irregularity - - - - - - + - - - - - - - 

Neovascularisation - - - - - - - - - - - - - + 

Vascular 
cell 

disorders 

Apoptosis of vascular 
cells - - - - - - - - + - - - - - 

Pericyte cell loss + + + - + + - - + + - + - - 
Endothelial cell 

damage + - - - - - - - - - - - - - 
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Increased endothelial 
cell:pericyte ratios - - - - - - - + - - - - - - 

Loss of 
vascular 
integrity 

Micro-aneurysms - - - - - - + - - + - - - + 
Vascular leakage + - - - + - - - - - - - - + 

Increased vascular 
permeability - - - - - - - - - - - - + - 

Macular oedema - - - - - - - - - - - - - + 
Haemorrhage - - - - - - - - - - - - - + 

BRB breakdown + - + - - - - - - - - + - - 
Neuronal 

dysfunction 
Ganglion cell loss + - - - - - - - + - - - + - 

Thinned RGC layer - - - - - - - - - - - - - - 

Other 
disorders 

Tortuosity - - - - - - + - - - - - - + 
Thinning of retina - - - - - - - - + - - - + - 
Cotton wool spots - - - - - - - - - - - - - - 

Retinal detachment of 
fibrous proliferation - - - - + - - - - - - - - - 

Disordered focal 
proliferation of new 

vessels 
- - - - - - - - - - + - - - 

Venous beading - - - - - - - - - - - - - + 
Retinal 

microvasculopathy - - - - - - - - - - - - - - 

Hard exudates in the 
macula - - - - - - - - - - - - - - 

(-) retinal lesion is absent in the model; (+) Retinal lesion present in the model. BB = Biobreeding rats; GK = Goto-kakizaki rats; NOD = Non-

obese diabetic mice; OLETF = Otsuka long evans tokushima fatty rats; SDT = Spontaneously diabetic Torii rats; STZ = Streptozotocin rats/mice; 

WBN/Kob = Wistar Bonn/Kobori; ZDF = Zucker diabetic fatty rats. 

 

1.2.4 Current treatments for diabetic retinopathy: obstacles and opportunities 

Current treatments and preventive interventions for DR include both surgical and non-surgical 

therapies that target the various pathologies or biochemical pathways of the disease (Table 1.2) 

(Wilkinson-Berka & Miller, 2008). For over five decades, severe DR has been treated by 

destructive pan-retinal photocoagulation and vitrectomy (Antonetti et al., 2006). However, due to 

the fact that these techniques only target late stage DR and do not affect the disease pathology, the 

last few decades have seen the development of therapies to combat the biochemical changes that 

occur in the disease. Table 1.2 summarises the current treatments for DR and DME. As is evident 

from the table, increasing understanding of molecular mechanisms governing DR pathophysiology 

has increased the discovery of new drug targets. However, several factors have hindered the 

development of efficacious therapies based on these targets. A major limiting factor is the lack of 

clinical methods that diagnose retinal dysfunction on a molecular level before the visualisation of 

retinal lesions and symptomatic vision loss occur. As explained by Antonetti et al. (2006), a pre-
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DR biomarker could shorten the time for clinical trials and provide a window of opportunity for 

preventive measures to be applied.  

Another limitation of current DR treatments is associated with investigating the disease in humans 

and animals (Antonetti et al., 2006). In humans, the difficulty associated with obtaining a biopsy 

of the retina in vivo means that most clinical biochemical studies are carried out in post-mortem 

tissues only. The obvious difficulty associated with this is the inability to account for post-mortem-

associated changes in the retina. Furthermore, post-mortem tissues often only show late stage 

changes of the disease. Additionally, none of the animal models mimic all aspects of the disease 

development and progression without genetic manipulations, and even then with limitations. As 

with the modelling of other diseases, the anatomical differences between animal and humans also 

hinder development of effective therapeutics. Additionally, the short life span of animals is a 

limitation as DR is a chronic disease that takes a very long time to develop. However, the use of 

treatments such as ruboxistaurin that accelerate the disease progression may address this limitation. 

Nonetheless, it is apparent that approaches that recognise and reduce limitations of DR are required 

to effectively treat the disease.  

Table 1.2: Current treatments for DR and DME. Adapted from (Bolinger & Antonetti, 2016). 

Drug target Drug name 
(Trade name) Company 

Listed in 
clinical 

trials for 
DR/DME? 

FDA 
approved 

for 
DR/DME? 

FDA 
approved for 

any other 
ocular 

conditions? 

Anti-VEGF 

Ranibizumab 
(Lucentis®) Genentech (CA, USA) Yes Yes 

Yes 
(Neovascular 

AMD) 

Aflibercept 
(Eylea®) Regeneron (NY, USA) Yes Yes 

Yes 
(Neovascular 

AMD) 
Bevacizumab 

(Avastin®) Genentech (CA, USA) Yes No No 

Pegaptanib 
(Macugen®) Pfizer (NY, USA) No No 

Yes 
(Neovascular 

AMD) 
PAN-90806 PanOptica (NJ, USA) Yes No No 

TNF-α 
Inhibitor 

Infliximab 
(Remicade®) 

Janssen Biotech (PA, 
USA) No No No 

Adalimumab 
(Humira®) AbbVie (IL, USA) No No No 

Corticosteroid 
implant 

Dexamethasone 
(Ozurdex®) Allergan (NJ, USA) No Yes Yes (Uveitis) 

fluocinolone 
acetonide  

Alimera Sciences (GA, 
USA) Yes Yes No 
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(Iluvien®) 
fluocinolone 

acetonide  
(Retisert®) 

Bauch & Lomb (NY, 
USA) No No Yes (Uveitis) 

Angiotensin 
receptor 
blocker 

Candasartin AstraZeneca (London, 
UK) No No No 

Losartan Merck (Kenilworth, UK) No No No 

Kallikrein 
inhibitor/antib

ody 

KVD001 KalVista Pharm. (Porton 
Down, UK) No No No 

DM199 DiaMedica (MN, USA) No No No 

Ecallantide/DX-88 Dyax (MA, USA) No No No 

DX-2930 Shire (Dublin, Ireland) No No No 
BCX7353 BioCryst (Durham, UK) No No No 

Avoralstat/BCX416
1 BioCryst (Durham, UK) No No No 

Icatibant 
(Firazyr®) Shire (Dublin, Ireland) No No No 

ACE inhibitor 
Enalapril Multiple No No No 
Lisinopril Multiple No No No 

Tie-2 activator 

AKB-9778 Akebia Therapeutics 
(MA, USA) No No No 

AKB-9875 Akebia Therapeutics 
(MA, USA) No No No 

AKB-9089 Akebia Therapeutics 
(MA, USA) No No No 

HPTPβ antibody Akebia Therapeutics 
(MA, USA) No No No 

NSAID 

Ketorolac Roche (Basel, 
Switzerland) Yes No 

Yes 
(Postoperative 

ophthalmic 
inflammation) 

Diclofenac Multiple Yes No No 

Nepafenic Alcon (Hunenberg, 
Switzerland) No No 

Yes 
(Postoperative 

ophthalmic 
inflammation) 

Antibiotic/anti-
microbial 

Minocycline Multiple No No No 
Squalamine Ohr Pharm. (NY, USA) Yes No No 

mTOR 
inhibitor 

Rapamycin Pfizer (NY, USA) No No No 
Everolimus 
(Afinitor®) 

Novartis (Basel, 
Switzerland) No No No 

Posterior 
vitreous 

detachment 
agent 

Ocriplasmin 
(Jetrea®) 

ThromboGenics (Leuven, 
Belgium) Yes No 

Yes 
(Symptomatic 
vitreomacular 

adhesion) 
ALG-1001 

(Luminate®) 
Allegro Ophthalmics (CA, 

USA) Yes No No 

 (Vitreosolve®) Vitreoretinal Tech. (CA, 
USA) No No No 

Given the limitations associated with the development of DR therapies, it is not surprising that only 

four out of the 36 drugs investigated have been FDA approved for DR and DME treatment so far 
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(Table 1.2). These include two anti-VEGF therapies (Lucentis and Eylea) as well as two 

corticosteroid implants (Ozurdex and Iluvien).  

1.2.4.1 Anti-VEGF therapies for treatment of diabetic retinopathy 

Intravitreal anti-VEGF drugs are the most commonly administered therapies for the treatment of 

DR. As their name implies, these drugs target VEGF, a cytokine and growth factor implicated in 

vascular breakdown associated with DR and other vascular diseases of the retina (Section 

1.2.2.2.1). Ranibizumab (Lucentis®) is a human recombinant monoclonal antibody with an antigen-

binding sequence that can inhibit all isoforms of VEGF-A. A 12-month, multicentre study 

involving 345 patients with Type I or Type II diabetes and associated DME (RESTORE study) 

found that Lucentis alone or Lucentis plus laser therapy were both superior to laser therapy alone 

for the treatment of DME (Mitchell et al., 2011). To assess the long-term outcomes, the RISE and 

RIDE studies found sustained improvement in visual outcomes in patients undergoing Lucentis 

treatment compared to controls (Brown et al., 2013). Post-hoc exploratory analysis on the RISE 

and RIDE study also showed that effectiveness of Lucentis treatment was not influenced by 

systemic factors such as serum glucose levels, BMI or diabetes medication history (Singh et al., 

2016).  

Aflibercept (EyleaTM), also known as VEGF Trap, is a soluble decoy receptor that was developed 

using the TRAP technology and contains the fusion of the two VEGF receptors (Papadopoulos et 

al., 2012). Similar to Lucentis, Eylea also binds all VEGF-A isoforms. However, Eylea is designed 

to also bind to VEGF-B and placental growth factor (PIGF), molecules that interact with the 

VEGFR1 receptor. The VISTADME and VIVIDDME studies showed that Eylea improved visual 

acuity in DME patients after 12 months of intravitreal treatment (Korobelnik et al., 2014). When 

comparing Eylea and Lucentis, all drugs were able to improve visual acuity in DME patients 

(Network, 2015; Wells et al., 2016). However, the study found that when baseline visual acuity 

was poor, Eylea, but not Lucentis, was able to improve vision, suggesting that Eylea is more 

effective than Lucentis (Wells et al., 2016). 

Despite the effectiveness and frequent use of anti-VEGF therapies, a major limitation is that 

excessive use of these agents may induce onset of geographic atrophy, with new geographic 

atrophy seen in up to 30% of patients receiving monthly injections of Lucentis over two years as 
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reported by the 2012 CATT Research Group (Martin et al., 2012). Furthermore, studies have found 

that more than half of the patients did not improve after anti-VEGF therapy (Tranos et al., 2013). 

Poor response to anti-VEGF treatment has been attributed to misdiagnosis of the disease, 

tachyphylaxis (reduced therapeutic response to a drug as a result of repeated administration), and 

genetic predisposition to anti-VEGF resistance. Particularly, loss of drug effectiveness after 

prolonged Lucentis was recently recognized as Lucentis appears more susceptible to tachyphylaxis. 

Given these limitations, alternative treatment options for DR and DME are actively being sought.  

1.2.4.2 Corticosteroids for the treatment of diabetic retinopathy 

Corticosteroids are anti-inflammatory drugs that have recently been shown to also possess anti-

angiogenic and VEGF-reducing properties (Wilkinson-Berka & Miller, 2008). Studies have shown 

that the corticosteroid, dexamethasone, the active drug in Ozurdex®, can reduce vessel leak, 

inflammation and neovascularisation (Wilkinson-Berka & Miller, 2008). A prospective, 

multicentre study of 55 patients with difficult-to-treat DME showed visual improvement and 

reduced vascular leakage following dexamethasone treatment (Boyer et al., 2011). Furthermore, a 

three-year randomised trial with 1048 patients showed that Ozurdex improved visual outcomes in 

DME patients (Boyer et al., 2014).  Similarly, Fluocinolone acetonide, the active drug in Iluvien®, 

has also shown efficacy in the treatment of DME (Schwartz & Flynn, 2011). Two multicentre 

randomised control trials showed that after 3 years, there was an improvement in visual outcomes 

and vascular leakage with Iluvien in patients with DME (Campochiaro et al., 2012). While the 

results using corticosteroid implants have been promising, their use has been limited due to their 

tendency to increase the intraocular pressure (IOP) to levels that require medical interventions 

(Bandello et al., 2013). Some studies have also shown a correlation between corticosteroid use and 

the progression of cataracts (Bandello et al., 2013; Campochiaro et al., 2012).  

Given the limitations and side effects associated with these FDA-approved therapies, there is a 

need for new drug targets for treatment of the disease. The following section will explore the 

possibility of targeting connexin43, a cell communication channel forming protein, for DR 

treatment which is central to the current study.  
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1.3 Role of connexin43 in diabetic retinopathy 

1.3.1 Connexins and gap junction channels 

Connexins are a multi-gene family of proteins with molecular weights ranging from 26 to 70 kDa. 

Various connexin genes have been identified in mammals and these fall into two distinct lineages: 

class I or β group (connexins 26, 30, 31, 31.1, and 32) and class II or α group (connexins 33, 37, 

40, 43, and 46) (Urban et al., 1999). There are 21 different connexin isotypes in the human genome 

with each connexin named according to its molecular weight in kilo Daltons (Söhl & Willecke, 

2003). Six connexin protein subunits oligomerise to form a hexamer known as a hemichannel or 

connexon (Figure 1.5). A complete gap junction channel is formed by two adjacent hemichannels, 

one from each neighbouring cell (Beyer et al., 1990). The docking of two hemichannels forms a 

pore that allows direct communication between cells. Gap junctions exist as ‘plaques’ that are 

aggregates between a few to many thousand individual gap junction channels. Connexins that form 

a hemichannel can be of the same (homogenous) or different isoforms (heterogenous). 

Furthermore, two hemichannels that dock together to form a gap junction can be of the same isotype 

(homotypic) or different isotypes (heterotypic) (Hervé & Derangeon, 2013).  

Gap junctions are intracellular channels that connect the cytoplasm of two neighbouring cells and 

thus allow the rapid exchange of ions, dyes, metabolites and signalling molecules less than 1.5kDa 

in size (Chandrasekhar & Bera, 2012; Danesh-Meyer et al., 2016; Decrock et al., 2009; Kar et al., 

2012; Vinken, 2015). Targeted knockout models of several connexin genes have been used to 

demonstrate the functional significance of these channels to normal cell physiology (White & Paul, 

1999). Studies have shown that gap junctions are important for many cell processes such as 

electrical coupling between cells because they are able to propagate coordinated responses across 

multiple cells. This feature is particularly important in excitable cells such as neurons where both 

molecular and electrical cell coupling properties are essential for their function (Danesh-Meyer et 

al., 2016; Decrock et al., 2009; Leybaert et al., 2017). In non-excitable cells, the biochemical and 

molecular coupling properties provided by gap junctions are also essential for processes such as 

tissue homeostasis, patterning during development and immune responses. In the heart, connexin 

channels have been shown to coordinate embryonic development and direct cardiac cell 

depolarisation (White & Paul, 1999). Goliger and Paul (1994) showed that the absence of 

intercellular junctions can stimulate cancerous phenotypes in cells. It is therefore not surprising 
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that connexin-related dysfunctions have been identified as significant pathologies in many human 

diseases relating to organ systems such as the brain, the heart, the skin, and the eye.  

 

Figure 1.5: Structure of connexins, hemichannels and gap junctions. 

1.3.2 Role of connexin43 in injury and disease 

Different connexin isotypes are expressed in specific tissues and specific cell types, with 

connexin43 being the most common in the human body. Connexin43 is expressed by different cell 

types such as astrocytes, vascular endothelial cells, and cardiac cells and has been implicated in 

diseases affecting different organ systems. Particularly, connexin43 gap junction channels have 

been shown to play a role in inflammation, cell migration and tissue contraction (Mori et al., 2006; 
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Oviedo-Orta et al., 2013; Qiu et al., 2003). In spinal cord injury, increased connexin43 expression 

has been associated with astrogliosis, activation of microglia and tissue damage (Cronin et al., 

2008; Mao et al., 2017; O'Carroll et al., 2013). On the other hand, a transient knockdown of 

connexin43 protein over-expression following skin wounds in rats resulted in better wound healing 

by decreasing oedema, scar tissue formation and lesion spread (Coutinho et al., 2005; Qiu et al., 

2003), as well as reduced scar formation and improved functional outcomes after spinal cord injury 

(Cronin et al., 2008).  

While it is difficult to argue against the role of connexin43 gap junctions in injury and disease, 

some studies believe that it is the unopposed connexin43 hemichannels that mediate most of the 

deleterious processes (Bennett et al., 2012; Bosch & Kielian, 2014; Chandrasekhar & Bera, 2012; 

Davidson et al., 2013; Kim et al., 2016; Zhang et al., 2014). Danesh-Meyer et al. (2016) argued 

that with increases in connexin43, there is an increase in hemichannel recruitment to the cell surface 

resulting in an increase in undocked hemichannels in the plasma membrane. Some studies have 

shown that undocked hemichannels may be involved in paracrine and autocrine signalling between 

the intracellular and extracellular environments (Evans et al., 2006; Wang et al., 2013). While these 

studies imply that hemichannels constitute a large proportion of non-specific membrane channels 

that play roles in cell signalling and homeostasis, several studies have shown that in normal 

physiological conditions, hemichannels are closed (Contreras et al., 2002; Giaume et al., 2013). A 

number of reports have suggested that hemichannels only open during pathological situations such 

as under ischaemic or hypoxic stress (Cheung et al., 2014; Davidson et al., 2013; Giaume et al., 

2013; Orellana et al., 2013). Consequently, it is believed that connexin43 hemichannel opening 

may contribute to lesion spread after injury, particularly in chronic diseases (Bosch & Kielian, 

2014; Castellano & Eugenin, 2014; Chen, Green, Danesh-Meyer, et al., 2015; Davidson et al., 

2015; Davidson et al., 2013; De Vuyst et al., 2011; Eugenin, 2014; Kielian, 2008; Mallard et al., 

2013; O'Carroll et al., 2013; Zhang et al., 2013). In an example, Quist et al. (2000) investigated the 

effect of extracellular calcium concentration on connexin43-expressing and connexin43-lacking 

cells. They found that swelling and cell death only occurred in connexin43-expressing cells 

suggesting that the presence of connexin43 hemichannels affected the cells’ ability to osmo-

regulate. In another example,  Rodriguez-Sinovas et al. (2012) showed that cell swelling and 

rupture in cardiac ischaemia was associated with connexin43 hemichannel opening. Furthermore, 

studies have shown that connexin43 hemichannel blockers are able to prevent the loss of vascular 
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endothelial cells that occurs in ischaemia (Danesh-Meyer et al., 2012; Zhang et al., 2014). Taken 

together, these studies present the possibility of studying connexin43 channels for treatment of 

many vascular and inflammatory diseases, including retinal disorders, as is being explored in the 

current study. 

1.3.2.1 Connexin43 in retinal diseases 

Disruption in connexin43 channel properties is thought to also contribute to the pathophysiology 

of retinal diseases. An interesting observation is that most of the diseases, including retinal 

disorders, which are vulnerable to connexin43-mediated injury share two pathologies: chronic 

inflammation and vascular breakdown. In the retina, connexin43 is expressed by both endothelial 

cells and astrocytes. Connexin43 is the main component of gap junctions present in retinal 

astrocytes such that an increase in connexin43 expression correlates with increased propagation of 

calcium waves and death signals from cell to cell (reviewed in (Danesh-Meyer et al., 2016)). 

Similar to the brain, astrocytes in the retina wrap their end-feet around the vasculature, providing 

both structural and molecular support (Kaur et al., 2008; Kerr et al., 2010; Kim, Park, et al., 2006; 

Simard et al., 2003). The calcium signalling mediated by connexin43 channels has been shown to 

be involved in local blood flow regulation and induction of cytokine release, which results in BRB 

breakdown (Cornell-Bell et al., 1990; Simard et al., 2003; Venkatesha et al., 2004). In addition, 

some studies believe that connexin43 may mediate injury through other mechanisms that are 

different from gap junction signalling. In an example, De Bock and colleagues (2011) suggested 

that the close localisation of gap junctions and tight junctions may result in a direct effect of 

connexin43 on the cell’s barrier properties. Increase in connexin43 on vascular endothelial cells 

affects BRB function and results in vascular leakage (Danesh-Meyer et al., 2016). To further 

understand the possible mechanisms of connexin43 pathology in the retina, the next three sections 

describe connexin43 roles in retinal ischaemia, AMD and DR.  

1.3.2.1.1 Connexin43 and retinal ischaemia 

In the retina, ischaemia results in loss of vascular integrity (Abcouwer et al., 2010; Kaur et al., 

2008; Kaur et al., 2007). Wilson and colleagues (1995) showed that the resulting vascular 

breakdown can last for up to two months post injury in animal models of retinal ischaemia and 

reperfusion. In in vitro endothelial cell models, hypoxia followed by reperfusion lead to endothelial 

cell death that was prevented through application of connexin43 hemichannel blockers (Danesh-
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Meyer et al., 2012; Zhang et al., 2014). Ischaemia-reperfusion of the spinal cord increased 

connexin43 levels and inflammation leading to vascular leakage (Danesh-Meyer et al., 2012). The 

application of a connexin43 hemichannel mimetic peptide, Peptide5, decreased vascular leakage 

by 86% and decreased inflammation and the resulting BRB disruption (Chen, Green, Teague, et 

al., 2015; Chen, Green, Wang, et al., 2015). In an in vivo study by Sun and colleagues (2007) where 

intraocular pressure was raised to induce retinal hypoxia, elevated connexin43 expression was 

observed in endothelial cells as early as one hour post-injury associated. These changes were also 

associated with inflammation characterised by an increase in GFAP expression by astrocytes. 

Taken together, these studies suggest that connexin43 upregulation is an early process in ischaemia 

that is likely to initiate inflammatory mechanisms causing vascular leakage. This is further proven 

by the finding that connexin43 hemichannels are able to prevent loss of BRB function and reduce 

inflammation. 

1.3.2.1.2 Connexin43 and age-related macular degeneration 

Age-related macular degeneration (AMD) is a multi-factorial disease that affects multiple 

structures in the eye, not just the retina. Research has however identified destruction of RPE cells 

as the main cause of photoreceptor cell death (Spraul et al., 1996; Zarbin, 1997). Particularly, it is 

believed that changes in the RPE initiate the development of AMD, though other inflammatory 

pathways are thought to play a role in the progression of the disease (Seddon et al., 2005). In 

addition to RPE cells, several studies have also described significant degeneration of the choroid 

and the choriocapillaris. There is increasing evidence of choroidal thinning, loss of choroidal vessel 

density, and decreased choroidal circulation, all of which are thought to occur even before the early 

stages of AMD (Biesemeier et al., 2014; Chung et al., 2011; Metelitsina et al., 2008; Mullins et al., 

2011). In addition to these cellular and vascular changes, AMD is also associated with significant 

inflammatory processes (Marc et al., 2008; Noell et al., 1966; Wu et al., 2005). This is supported 

by studies that have identified changes in inflammatory molecules in diseased regions of AMD 

eyes (Anderson et al., 2002; Seddon et al., 2004; Seddon et al., 2005). For instance, some studies 

have reported C-reactive protein and IL-6 in drusens obtained from AMD patients (Seddon et al., 

2004; Seddon et al., 2005). With regards to connexin43 expression, Guo and colleagues (2014) 

showed elevated connexin43 levels in the light-damaged model of AMD. These changes correlated 

with changes in neuronal function, increased oxidative stress, activation of inflammatory pathways 

and vascular disruption (Guo, Mat Nor, et al., 2016). Additionally, the application of the 
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connexin43 hemichannel blocker, Peptide5, protected against vascular and inflammatory changes 

stimulated by light damage. These results are in line with recent findings that human AMD retinas 

are also associated with elevated connexin43 levels (Danesh-Meyer et al., 2016). Taken together, 

these findings suggest that connexin43 may play a role in the pathogenesis of AMD, similar to 

retinal ischaemia.  

1.3.2.1.3 Evidence for the role of connexin43 in diabetic retinopathy 

As discussed in earlier sections, DR is associated with both vascular and inflammatory changes, 

similar to retinal ischaemia and AMD. Despite the fact that both of these are associated with 

increased connexin43 expression, DR studies have provided conflicting results with regards to 

connexin pathology. Interestingly, most studies propose that connexin43 expression decreases in 

the disease (Bobbie et al., 2010; Fernandes et al., 2004; Li et al., 2003; Muto et al., 2014; Sato et 

al., 2002). In vitro studies suggest that hyperglycaemia decreased connexin43 expression which is 

thought to correlate with a decrease in tight junction protein expression by endothelial cells, leading 

to increased apoptosis (Sato et al., 2002; Tien et al., 2013). A study by Fernandez and colleagues 

(2004) correlated high glucose with increased levels of phosphorylated connexin43. The study 

found that the phosphorylation of connexin43 targeted the protein to the proteasome-dependent 

degradation pathway which decreased the availability of connexin43 on the plasma membrane. 

This view point has been supported by in vivo animal studies. In an example by Bobbie and 

colleagues (2010), diabetes was thought to be associated with a deleterious decrease in connexin43 

levels in STZ-induced diabetic mice. Likewise, Tien and colleagues (2014) described a decrease 

in connexin43 levels in STZ-induced rats associated with increased vascular lesions in the retina.  

Recently, Tien and colleagues (2016) evaluated connexin43 expression pattern in the human retina 

and found decreased connexin43 expression in diabetic compared to non-diabetic tissues which 

was thought to lead to increased vascular lesions. Although the study concluded that reduced 

connexin43 levels are injurious in DR, there was no documentation of the DR diagnosis in the 

tissues used. This might be important in understanding connexin43 pathology in the disease. While 

diabetes is mainly associated with hyperglycaemia alone, it is now generally accepted that 

inflammation also plays a crucial role in the development of DR. When in vitro and in vivo studies 

mentioned earlier are re-assessed through this lens, it becomes clear that studies evaluating 

connexin43 pathology in the retina or retinal vascular endothelial cells have utilised 
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hyperglycaemia only but not actual DR models. This is significant because several studies have 

reported no changes in the retinal vasculature in diabetic models but extensive changes in the retinal 

vasculature in DR models (McLenachan et al., 2013; McLenachan et al., 2015; Muir et al., 2012; 

Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014). While diabetes is known to be a 

predetermining factor for DR, it is commonly believed that other factors play a role in the 

development of DR. Therefore, there is a need for in depth understanding of the pathology of DR 

in models that incorporate both the hyperglycaemic and inflammatory processes of the disease. 
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1.4 Research aims and objectives 

Current therapies for DR treatment are associated with significant limitations such as significant 

side effects and drug resistance. The increasing health and financial burden posed by diabetes and 

its complications means that the development of novel therapies with fewer side effects and less 

drug resistance is paramount. Drugs targeting connexin43 have been shown to be efficacious in 

many ocular and non-ocular chronic inflammatory diseases and also have the potential to be 

beneficial in the treatment of DR. However, before connexin43 therapies can be assessed in DR, it 

is important that the expression pattern of connexin43 and the molecular mechanisms of the 

therapies are well understood. Specifically, the discrepancies in literature regarding connexin43 

downregulation in diabetes as well as the role of inflammation in the development of the disease 

need to be clarified.  

The thesis hypothesizes that DR is a complex interplay between hyperglycaemia and 

inflammation and blocking connexin43 hemichannels can prevent DR pathology in both in 

vitro and in vivo models. Therefore, the first aim of this thesis was to evaluate connexin43 

expression levels in cell culture and mouse models of DR and compare these to human donor 

retinas, in order to determine the relationship between hyperglycaemia and inflammation in the 

disease pathology. The next aim was to develop novel cell culture and mouse models of DR that 

incorporate both hyperglycaemia and inflammation, in which the effectiveness of a connexin43 

hemichannel blocker was studied.  

In order to achieve these aims, the main objectives of the thesis were: 

 Characterisation of connexin43 expression in a mouse model of DR and human donor 

retinas 

 Evaluation of the molecular basis of connexin43 hemichannel pathology in DR 

 Development of a novel mouse model of DR that incorporates hyperglycaemia and 

inflammation 

 Assessment of a known connexin43 hemichannel blocker, Peptide5, for the treatment of 

DR signs in the novel mouse model 
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2 Immunohistochemical characterisation of 

connexin43 expression in a mouse model of diabetic 

retinopathy and in human donor retinas 

Mugisho OO, Green CR, Zhang J, et al. Immunohistochemical Characterization of Connexin43 

Expression in a Mouse Model of Diabetic Retinopathy and in Human Donor Retinas. Int J Mol 

Sci. 2017;18(12):2567. 

2.1 Prologue 

At the time this work was conducted, there was a conflict in the literature with regards to the pattern 

of connexin43 expression in diabetic retinopathy (DR) largely due to the lack of models able to 

mimic the different aspects of the disease. Most models used to date have not incorporated both 

hyperglycaemic and inflammatory processes into the disease mechanism. As a result, the first 

objective of this thesis was to determine the expression pattern of connexin43 in in vitro and in 

vivo models that incorporate both hyperglycaemia and inflammation and then compare this to 

connexin43 expression patters in human donor retinas with confirmed DR diagnosis to determine 

whether both pathological processes are required together to mimic the human condition. 

Based on the first objective of this thesis, the following chapter evaluated the effects of 

hyperglycaemia and inflammation, individually and in combination, on connexin43 expression in 

primary human microvascular endothelial cells. These cells were selected because they line retinal 

microvessels, the vasculature most sensitive to damage in DR. Hyperglycaemia was induced by 

increasing the glucose concentration in the cell medium. Inflammation was induced by exposing 

cells to two potent pro-inflammatory cytokines known to be increased in DR, IL-1β and TNF-α. 

The incubation time, glucose and cytokine concentrations were optimized using the lactose 

dehydrogenase (LDH) cell death assay (Appendix I). The incubation time selected was the time at 

which cells returned to basal LDH release conditions after initial disturbance caused by the media 

change (24 h). In vitro hyperglycaemic (high glucose) and inflammatory (cytokine) levels were 

determined by balancing the response to injury with cell death thus choosing concentrations at 

which cell stress occurred without excessive cell death. This balance is important as it reflects the 
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balance between angiogenesis and vascular endothelial cell death that features in the human 

condition.  

Connexin43 expression was then studied in an established advanced DR Akimba mouse which 

incorporates both hyperglycaemia and inflammation. Expression levels in Akimba were compared 

to those in Akita mice, a model of diabetes that does not incorporate inflammation, in order to 

determine the effect of inflammation on connexin43 pathology. Finally, in vitro and in vivo 

expression levels were compared to those in human donor retinas to determine whether they reflect 

the connexin43 pathology seen in the human condition.  

The work presented in this chapter has been published in the International Journal of Molecular 

Sciences (Impact factor: 3.226). This journal publishes articles relating to biochemistry, molecular 

and cell biology, and molecular biophysics.  

2.2 Introduction 

DR is a chronic disease that develops due to hyperglycaemia-induced vascular and inflammatory 

disruptions in the retina with the vascular pathology characterised by blood-retinal barrier leakage, 

pericyte loss, endothelial cell death and neovascularization (Durham & Herman, 2011). Associated 

with these vascular changes is the stimulation of inflammatory pathways such as secretion of pro-

inflammatory molecules and immune cell activation that worsen the vascular pathology (Joussen 

et al., 2004). Together, these can cause diabetic macula oedema characterised by fluid build-up in 

the macula and if untreated can lead to retinal detachment and vision loss (Nentwich & Ulbig, 

2015). 

While the vascular disorder in DR has been extensively studied, underlying molecular mechanisms 

remain enigmatic (Antonetti et al., 1999; Barber et al., 2011; Mathews et al., 1997). Much of the 

uncertainty around the molecular mechanisms governing the development and progression of DR 

stems from the differences in rodent models that are used to study the disease process (Jiang et al., 

2015; Kern, 2008). Most in vitro and in vivo models described in the literature incorporate only 

hyperglycaemia without accommodating for the role of inflammation in the disease process. The 

recently developed Akimba mouse, a genetic DR model, has provided a platform for more in-depth 

studies on the role of both hyperglycaemia and inflammation in DR. It combines two previously 
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existing animal models, the diabetic Akita mouse with a naturally occurring Ins2 gene mutation, 

and the trVEGF029 Kimba mouse in which photoreceptors overexpress the human vascular 

endothelial growth factor (VEGF) protein (Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014). 

Previous studies have shown that the Akimba mouse uniquely displays features of advanced DR, 

most of which are not present in other models of the diseases (Rakoczy et al., 2010; Wisniewska-

Kruk et al., 2014). Wisniewska-Kruk et al. (2014) showed that the Akimba mouse had reduced 

expression levels of various endothelial cell-specific markers such as von Willebrand factor and 

CD31 which indicate loss of blood vessels. Moreover, Rakoczy et al. (2010) reported that the 

Akimba mouse showed higher prevalence of extensive retinal oedema that persisted with age 

compared to either of its parents. While the Akimba model has been described as a good model of 

advanced DR, it is important to note that the effect of VEGF overexpression precedes the 

manifestation of diabetic signs, hence the model does not accurately mimic the sequence of disease 

development. Nonetheless, the Akimba model is the only known mouse to show signs of advanced 

DR such as neovascularization and extensive macula oedema (Wisniewska-Kruk et al., 2014).  

Gap junctions are specialised, weakly selective communication channels that allow cells to directly 

transfer small molecules between each other. A complete gap junction is formed by two connexons 

or hemichannels, one from each of the two neighbouring cells (Danesh-Meyer et al., 2016; 

Goodenough et al., 1996). Each hemichannel is a hexamer that is formed from the oligomerisation 

of six connexin subunits. Various connexin protein types are expressed throughout the body but 

the most commonly expressed in the retina is connexin43 (Kerr et al., 2010). The overexpression 

and opening of connexin43 hemichannels has been implicated in various diseases such as spinal 

cord injury (Mao et al., 2017; O'Carroll et al., 2013), brain diseases (Davidson et al., 2013), and 

retinal stroke (Chen, Green, Danesh-Meyer, et al., 2015; Chen, Green, Teague, et al., 2015; 

Danesh-Meyer et al., 2012; Danesh-Meyer et al., 2016). Interestingly, these diseases are often 

characterized by vascular disruption and inflammation, the key pathologies in DR. In spinal cord 

injury, for instance, it has been shown that connexin43 hemichannels are overexpressed and this 

contributes to astrogliosis, microglial activation and tissue damage (Theriault et al., 1997). 

Therefore, blocking of connexin43 channels has been shown to reduce tissue swelling and lesion 

spread to improve functional outcomes (Cronin et al., 2008; O'Carroll et al., 2013).  
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Interestingly, most studies investigating connexin43 in DR have suggested that its expression is 

decreased in the retina which may be deleterious as it correlates with increased vascular cell 

apoptosis in both Streptozotocin (STZ)-induced mice and rats (Bobbie et al., 2010; Tien et al., 

2014). Furthermore, in vitro studies have shown that hyperglycaemia results in a decrease in 

connexin43 that leads to reduced gap junction activity and down-regulation of tight junction 

proteins by endothelial cells, resulting in increased cell apoptosis (Sato et al., 2002; Tien et al., 

2013). A closer look at these studies revealed that hyperglycaemia alone has been incorporated in 

the development of the in vitro and in vivo models used. It is therefore possible that these models 

are diabetes only models that do not necessarily portray the full range of pathology associated with 

DR. For this reason, it is important to distinguish between diabetic retinas and retinas with 

confirmed DR showing an element of inflammation to develop effective treatments for the different 

pathologies of non-proliferative DR (NPDR) and proliferative DR (PDR).  

An increase in connexin43 expression has been observed in other CNS injuries or diseases 

associated with inflammation such as astrogliosis and microgliosis (Danesh-Meyer et al., 2012; 

Davidson et al., 2012; De Bock et al., 2012; O'Carroll et al., 2008; O'Carroll et al., 2013; Zhang et 

al., 2013; Zhang et al., 2014). For instance, connexin43 expression was found to increase in a light 

damage model of age-related macular degeneration (Guo, Mat Nor, et al., 2016). This is significant 

as several previous studies have reported no change in the retinal vasculature in diabetic models 

but extensive changes in the retinal vasculature in DR (McLenachan et al., 2013; McLenachan et 

al., 2015; Muir et al., 2012; Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014). While sustained 

hyperglycaemia is known to be a predetermining factor for DR, other vascular factors leading to 

inflammation also play a role in the development of the disease.  

Consequently, the present study evaluated first the effect of hyperglycaemia and inflammation, 

separately and in combination, on connexin43 expression in primary retinal microvascular 

endothelial cells (hRMECs) which line retinal blood vessels. It then determined changes in 

connexin43 expression in parallel with a marker of astrogliosis, glial fibrillary acidic protein 

(GFAP), in Akita and Akimba compared to wild-type mice, and correlated these to changes seen 

in human donor retinas with a confirmed diagnosis of DR.  
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2.3 Methods 

2.3.1 In vitro studies 

2.3.1.1 Cell culture 

Primary human retinal microvascular endothelial cells (hRMECs; Neuromics   Antibodies, 

Minneapolis, MN, USA) were cultured in EGM-2 BulletKit media (EGM-2; CC3162; Lonza, 

Basel, Switzerland) containing endothelial basal media (EBM-2; CC3156; Lonza) and EGM-2 

SingleQuots (CC4176; Lonza), supplemented with 10% fetal bovine serum (FBS; Invitrogen, 

Carlsbad, CA, USA). VEGF was excluded from the EGM-2 media. Cells were grown in T75 flasks 

at 37 °C in a humidified 5% CO2 incubator and the medium was changed once every two days until 

confluent.   

2.3.1.2 High glucose and/or cytokine challenge 

At passage 5-10, cells were plated at 2.5 x 105 cells/mL in 8-well chamber slides before changing 

the culture medium to treatments in serum-free EBM-2 containing 1x antibiotic-antimycotic (AA; 

15240; Thermo Fisher Scientific, Waltham, MA, USA).  The glucose concentration in EBM-2 

medium was 5 mM. To study the effect of high glucose (HG) and pro-inflammatory cytokines on 

connexin43 levels, cultures were challenged with (1) no treatment (Basal); (2) 25 mM glucose 

(HG); (3) a combination of pro-inflammatory cytokines 10 ng/mL TNF-α (300-01A; Peprotech, 

New Jersey, NJ, USA) and 10 ng/mL IL-1β (200-01B; Peprotech) (Cytokines); or (4) a 

combination of 25 mM glucose, 10 ng/mL IL-1β and 10 ng/mL TNF-α (HG + cytokines) for 24 h. 

Glucose and cytokine concentrations determined from lactose dehydrogenase (LDH) assays 

(Appendix I). 

2.3.1.3 Immunohistochemistry of hRMECs 

After 24 h of incubation in culture media containing treatments, hRMECs were fixed with 4% 

paraformaldehyde for 10 min and permeabilised with 0.1% Triton X-100 in phosphate buffer saline 

(PBS) for 10 min. Cells were then incubated with rabbit anti-connexin43 antibody (1:2000; C6219; 

Sigma-Aldrich, St. Louis, MO, USA) at 4 °C overnight followed by washing in PBS three times 

for 15 min. Goat anti-rabbit Alexa-488 (1:500; A11034; Life Technologies, Waltham, MA, USA) 
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secondary antibody was applied to the cells and incubated at room temperature for 3 h. Goat anti-

rabbit Alexa-488-only labelling was carried out as a control. Cell nuclei were stained with DAPI 

(1:1000; Sigma-Aldrich). Sections were washed and mounted using anti-fade reagent (Citifluor™) 

and coverslips were sealed with nail polish. Experiments were repeated three times. 

2.3.1.4 Image analysis and quantification of connexin43 plaques 

All images were taken on an Olympus FV1000 confocal laser scanning microscope (Olympus, 

Centre Valley, PA, USA) and processed using FV-10 ASW 3.0 Viewer and ImageJ software 

version 1.46r (National Institutes of Health). For connexin43 quantification, five images were taken 

per well, one in the centre and the other four at clock positions 3, 6, 9 and 12 around the well. 

ImageJ was used to quantify the integrated density (area covered by connexin43 plaques × mean 

grey value) which was divided by the number of cells per image view with connexin43 expression 

presented as a percentage of the basal level. 

2.3.2 Animal tissues 

2.3.2.1 Preparation and immunohistochemical analysis of mouse tissues 

All animal experiments were conducted in accordance with the Association for Research in Vision 

and Ophthalmology Statement for use of animals and with approval from the Animal Ethics 

Committee of The University of Western Australia (RA/3/100/1083, 1 Apr 2012). Twenty-four-

week old male animals were used as Akimba mice have previously been reported to develop signs 

of neovascularization at this age (Wisniewska-Kruk et al., 2014). Sectioned eyes from wild-type 

C57BL/6, Akita (Ins-/-) and Akimba (Ins -/-, VEGF +/-) mice were kindly supplied by Dr Binz, 

Lions Eye Institute in Perth, Australia (Wisniewska-Kruk et al., 2014). Retinal sections were 

permeabilised in 100% chilled ethanol for 10 min and were then rinsed in PBS before blocking 

with 10% normal goat serum for 1 h at room temperature. Sections were subsequently incubated 

with the following primary antibodies overnight at 4 °C: anti-connexin43 (rabbit polyclonal 

connexin43; 1:2000; C6219; Sigma-Aldrich), anti-GFAP-Cy3 conjugated as a marker for 

astrocytes and hyper-reactive Müller cells (mouse monoclonal GFAP; 1:1000; C9205; Sigma-

Aldrich) (Kerr et al., 2012), and anti-plasmalemmal vesicle associated protein (PLVAP) as a 

marker of blood vessel endothelial cells (mouse monoclonal MECA-32; Hybridoma Bank, Iowa 
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city, IA, USA) (Wisniewska-Kruk et al., 2014). Secondary antibodies used were goat anti-rabbit 

Alexa-488 (1:500; A11034; Life Technologies) or goat anti-mouse Cy3 (1:500; 115-165-003; 

Jackson Immuno Research, West Grove, PA, USA) and were incubated with sections at room 

temperature for 2 h. Nuclei were stained using DAPI (1 µg/mL; D9542; Sigma-Aldrich). Sections 

were washed and mounted using anti-fade reagent (CitifluorTM) and coverslips were sealed with 

nail polish.  

2.3.2.2 Image analysis and quantification of immunolabelling 

All images were taken on an Olympus FV1000 confocal microscope and processed using FV-10 

ASW 3.0 Viewer and Adobe Photoshop CS6 software. For connexin43 and GFAP 

immunohistochemical analysis, four animals were analysed per group (n = 4) and six evenly spaced 

images were taken across each central retina giving a total of 24 images per group. This method 

ensured that representative images were taken for each retina and that similar locations were 

assessed between different eyes to avoid possible area bias between tissues. To measure 

connexin43 and GFAP levels within the retinal layers and connexin43 labelling per blood vessel, 

the drawing tool in ImageJ was used to select the desired areas. Each image was then split into its 

RGB channels with connexin43 in the green, GFAP/PLVAP in the red, and DAPI in the blue 

channel. The connexin43 spot count was carried out as previously described (Kerr et al., 2012). 

Briefly, the connexin43 image was converted to a binary image and an equal threshold value was 

applied to all images to reduce the background (Nivison-Smith et al., 2015). To separate different 

connexin43 clusters, a watershed binary algorithm was applied. The number of connexin43 spots 

was counted in the ganglion cell layer (GCL) where connexin43 expression was largely localized.  

For GFAP quantification, the GFAP image was converted to a binary image and an equal threshold 

value was applied to all images to reduce the background. The area (%) of GFAP was obtained by 

quantifying the area covered by GFAP labelling as a fraction of the total area spanning from the 

GCL to the inner nuclear layer (INL). ImageJ software was used to determine the % area covered 

by connexin43 or GFAP labelling relative to the total area selected.   
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2.3.3 Human donor tissues 

2.3.3.1 Preparation and immunohistochemical analysis of human tissues 

Donor eyes were collected by the New Zealand National Eye Bank in the Department of 

Ophthalmology at the University of Auckland, New Zealand, with approval from the Northern B 

Health and Disabilities Ethics Committee (NTX/06/19/CPD). The normal donor retina was 

obtained from a 67-year old Caucasian female with no diagnosis of DR or any other ocular 

pathology with the retina excised 33.5 h after death. The DR donor retina was obtained from a 67-

year old Caucasian male with confirmed proliferative DR with the retina excised 8 h after death. 

Retinas were fixed in 4% paraformaldehyde with 0.01% glutaraldehyde for 30 min. They were 

then washed in PBS and passed through a sucrose gradient of 10, 20 and 30%, before embedding 

them in optimal cutting temperature medium. For immunohistochemistry, sagittal 12 to 16 µm 

cryosections were mounted onto slides (Superfrost; Menzel-Gläser). Immunohistochemistry was 

conducted using the same protocol applied to mice tissues. PLVAP labelling, reported to be mouse 

specific, was not carried out on human tissue samples.  

2.3.3.2 Statistics 

Data are given as arithmetic means ± SEM. All statistical comparisons were performed using one-

way ANOVA with Tukey’s test to reduce any bias associated with multiple comparisons. P < 0.05 

was considered to indicate a statistically significant difference. All statistical analysis was 

performed in GraphPad Prism 6. 

2.4 Results 

2.4.1 High glucose exacerbates pro-inflammatory cytokine-mediated increase in 

connexin43 expression 

Figure 2.1 shows that high glucose (HG) (88.34 ± 6.05%) did not change connexin43 levels relative 

to control (100.00 ± 5.51%; p = 0.9569) (Figure 2.1A and B). Similarly, pro-inflammatory 

cytokines (127.50 ± 5.81%) did not significantly increased connexin43 expression relative to 

control (p = 0.6490) (Figure 2.1A and C). On the contrary, a combination of HG and cytokines 

(288 ± 31.28%) significantly increased connexin43 levels relative to control, HG alone and 
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cytokines alone (p < 0.0001 for all) (Figure 2.1A-E). Additionally, there was a change in cell 

morphology following HG and cytokines in combination (white arrows, Figure 2.1D) with cells 

appearing oedematous possibly owing to hemichannel opening. The combination of HG and 

cytokines also lead to cytoplasmic connexin43 expression which differed from the cell membrane 

localization seen in basal conditions as well as treatment with HG or cytokines alone. 

 

Figure 2.1: Effect of HG and pro-inflammatory cytokines on connexin43 expression in hRMECs. 

Immunohistochemical data showing connexin43 expression in (A) normal medium, (B) HG (25 mM), (C) pro-

inflammatory cytokines (IL-1β and TNF-α 10 ng/mL each), and (D) a combination of HG and pro-inflammatory 

cytokines inducing a change in cell morphology with signs of cell swelling, possibly owing to hemichannel opening 

(indicated by white arrows). (E) Quantification of connexin43 expression relative to basal levels. Neither HG (p = 

0.9569) nor pro-inflammatory cytokines (p = 0.6490) significantly increased connexin43 expression. However, co-

application of HG and cytokines increased connexin43 levels relative to basal, HG and cytokines alone (p < 0.0001 

for all). Scale bar = 5 nm; Data presented as mean + SEM. Statistical comparisons were carried out using one-way 

ANOVA with Tukey’s multiple comparisons test; n = 6; t = 24 h; ****p ≤ 0.0001. 
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2.4.2 Connexin43 and GFAP expression increase in Akimba compared to wild-type and 

Akita mouse retinas 

Figure 2.2 shows that connexin43 and GFAP co-expression was restricted to the GCL in wild-type 

and diabetic Akita retinas. Quantification of connexin43 spots (Figure 2.3) revealed that there was 

no statistically significant difference in connexin43 expression between wild-type (94.9 ± 10.5) 

and Akita diabetic retinas (55.6 ± 13.0; p = 0.3047). Similarly, there was no statistically significant 

difference in GFAP expression between wild-type (1.6 ± 0.4%) and Akita retinas (1.5 ± 0.2%; p = 

0.9878).  

In Akimba retinas (183.3 ± 32.8), the connexin43 spot count was about two-fold higher compared 

to wild-type (94.9 ± 10.5; p = 0.0159) and Akita mice (55.6 ± 13; p < 0.0001). There was a four-

fold increase in GFAP expression in Akimba (6.7 ± 1.2%) compared to wild-type retinas (1.6 ± 

0.4%; p < 0.0001) and a five-fold increase compared to Akita retinas (1.5 ± 0.2%; p < 0.0001). 

Connexin43 expression appeared to be predominantly restricted to the GCL in Akimba retinas, 

while GFAP labelling was extended to Müller cells. This labelling pattern was indicative of 

astrogliosis and may also indicate Müller cell activation. Additionally, connexin43 spots were not 

always co-localised to GFAP in some areas of Akimba retinas, unlike in wild-type and Akita mice. 

For this reason, connexin43 expression, specifically in blood vessel endothelium, was further 

investigated.   
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Figure 2.2: Connexin43 and GFAP expression in retinas of (A) wild-type, (B) Akita and (C) Akimba mice. 

Connexin43 spots (green) were present in the GCL and co-localized with GFAP (red) in all mice strains. GFAP 

labelling was evident within the GCL only in wild-type and Akita but spanned all retinal layers in Akimba mice. White 

arrows highlight connexin43 spots. GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer. 

Scale bar: 50 µm; n = 4 animals/group. 
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Figure 2.3: Quantification of (A) Connexin43 spots per image and (B) % area covered by GFAP labelling in 

wild-type, Akita and Akimba mouse retinas. 

There was no statistically significant difference in connexin43 spot counts between Akita and wild-type mice (p = 

0.3047). However, the connexin43 spot count was higher in Akimba compared to wild-type (p = 0.0159) and Akita (p 

< 0.0001) mice. There was no statistically significant difference in GFAP labelling in Akita compared to wild-type 

mice (p = 0.9878). However, GFAP expression was significantly higher in Akimba compared to wild-type (p < 0.0001) 

and Akita (p < 0.0001) mice. Data presented as mean + SEM. Statistical comparisons carried out using one-way 

ANOVA with Tukey’s multiple comparisons test; n = 4 animals/group; *p ≤ 0.05, ****p ≤ 0.0001. 
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2.4.3 Connexin43 expression increases in blood vessels of Akimba compared to wild-type 

and Akita mouse retinas 

As DR is primarily a chronic inflammatory vascular disease, it was important to evaluate changes 

in connexin43 expression within blood vessels specifically. PLVAP has previously been described 

as an endothelial cell-specific marker of newly formed blood vessels in mice (Wisniewska-Kruk et 

al., 2014). However, before assessing connexin43 expression in blood vessels, the number of 

PLVAP-positive cells were compared between the three mouse strains to determine the extent of 

neovascularization (Figure 2.4). Results showed that there was no difference in PLVAP-positive 

vessels between retinas from Akita (3.4 ± 0.9) and wild-type (2.9 ± 0.6; p = 0.4511) mice. However, 

Akimba (4.8 ± 0.8) retinas had more PLVAP-positive vessels compared to wild-type (p = 0.0005) 

and Akita (p = 0.0154) retinas.  

 

Figure 2.4: PLVAP-positive vessels in wild-type, Akita and Akimba mice. 

(A) PLVAP (red) expression within retinal layers in wild-type, Akita and Akimba mice. PLVAP-positive vessels are 

indicated by white arrows. GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL = 

Outer plexiform layer; ONL = Outer nuclear layer. Scale bar: 50 µm. (B) Quantification of PLVAP-positive vessels 

shows that there was no difference in vessel number between wild-type and Akita retinas (p = 0.4511). However, there 

were more PLVAP-positive vessels within the retina of Akimba compared to wild-type (p = 0.0005) and Akita (p = 

0.0154) mice. Data presented as mean + SEM. Statistical comparisons carried out using one-way ANOVA with 

Tukey’s multiple comparisons test; n = 4 animals/group; *p ≤ 0.05, ***p ≤ 0.0001. 
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To evaluate connexin43 expression changes in blood vessel endothelial cells in vivo, connexin43 

co-localization with PLVAP labelling was assessed. Low connexin43 levels were observed on 

PLVAP-positive blood vessels of wild-type retinas (Figure 2.5). PLVAP-positive vessels of 

diabetic Akita retinas (17.0 ± 3.3) showed a slight increase in connexin43 expression compared to 

wild-type (11.2 ± 3.3) but this was not statistically significant (p > 0.9999). Akimba retinas, on the 

other hand, showed significantly higher levels of connexin43 expression in PLVAP-positive 

vessels (52.8 ± 12.0) compared to wild-type (p = 0.0011) and Akita (p = 0.0011).  

 

Figure 2.5: Connexin43 expression in PLVAP-positive blood vessels in the IPL of wild-type, Akita and Akimba 

retinas. 

(A) Connexin43 expression (green) in blood vessels (PLVAP, red) in the IPL of wild-type, Akita and Akimba mouse 

retinas. Blood vessels are indicated by white arrows. Scale bar: 10 µm.  (B) Quantification of the number of connexin43 

spots per blood vessel in wild-type, Akita and Akimba mice. There was no significant difference in the number of 

connexin43 spots in blood vessels of Akita compared to wild-type mice (p > 0.9999). Akimba mice, however, showed 

a significantly higher connexin43 spot count compared to wild-type and Akita retinas (p = 0.0011 for both). Data 

presented as mean + SEM. Statistical comparisons carried out using one-way ANOVA with Tukey’s multiple 

comparisons test; n = 4 animals/group; **p ≤ 0.01.  
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2.4.4 Connexin43 and GFAP expression increases in human donor DR retinas compared 

to age-matched controls 

Since Akimba is supposed to be a model of DR, as opposed to Akita which is a model for diabetes 

or hyperglycaemia only, we compared changes in connexin43 and GFAP expression seen in 

Akimba retinas with human DR donor retinas. Connexin43 expression was markedly higher in DR 

diagnosed donor retinas compared to age-matched controls (Figure 2.6). As with wild-type mice, 

connexin43 expression in normal human donor tissue was primarily co-localised with GFAP 

labelling of astrocytes in the GCL. However, DR donor retinas showed markedly higher 

connexin43 expression co-localised with GFAP particularly around blood vessels (White circle; 

Figure 2.6). Moreover, GFAP labelling in DR donor retinas spanned all retinal layers indicating 

activation of Müller cells.  
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Figure 2.6: Connexin43 (green) and GFAP (red) expression in normal and human DR donor retinas in regions 

of extensive vascular damage.  

The large cells (white arrows) represent non-specific auto-fluorescent amacrine cells. Connexin43 expression was 

markedly higher in the GCL of DR donor tissues compared to age-matched controls, and was strongly expressed 

throughout all retinal layers. GFAP labelling was also markedly higher in DR compared to normal donor eyes 

representing hyper-reactive Müller cells. Connexin43 expression was increased in regions identified as blood vessels 

and correlated with increased GFAP labelling at these sites, indicating glial cell activation (white circle). GCL = 

Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL = Outer plexiform layer and ONL = 

Outer nuclear layer. Scale bar: 200 µm. 

2.5 Discussion 

It is increasingly accepted that the pathology of DR involves an interaction of hyperglycaemic and 

inflammatory disease mechanisms. As a result, biochemical changes observed in DR may be 

different from diabetes (hyperglycaemia) alone. Our results support this hypothesis as connexin43 

expression patterns were quite different in HG only conditions compared to a combination of HG 

with pro-inflammatory cytokines in vitro. Connexin43 expression increased with a combination of 

HG and pro-inflammatory cytokines compared to either treatment alone as well as basal levels. 

This result suggests that hyperglycaemia may increase the sensitivity of hRMECs to injury caused 

by inflammation such that the ability of the cells to cope with injury might become compromised. 

In this case, the increase in connexin43 triggered by cytokines alone was amplified by HG, possibly 

due to an HG mediated increase in cellular metabolism and mitochondrial activity (Newsholme et 

al., 2007). This is in line with a recent study reporting that HG alone did not induce changes in 

glucose transporter-1 (GLUT1) and pigment epithelium derived factor (PEDF) expression; 

however, a combination of HG and hypoxia increased the expression to a greater extent than 

hypoxia alone (Calado et al., 2016). Furthermore, there was a change in cell morphology following 

combination treatment with HG and cytokines compared to either treatment alone. This could be a 

result of cell stress as it appears that cells are ‘pulling away’ from each other. A change in cell 

morphology as a result of connexin43 hemichannel opening has been shown to cause cell oedema 

eventually leading to cell death in cardiomyocytes (Leybaert et al., 2017). Therefore, it is possible 

that the change in cell morphology is a result of connexin43 hemichannel opening. 
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Our animal data showed that in diabetes only Akita retinas, there was a decrease in connexin43 

expression compared to wild-type retinas though this was not statistically significant due to the 

high variability in expression amongst animals. This is in line with our in vitro results where HG 

alone did not induce any significant change in connexin43 expression. Previous in vitro and in vivo 

studies have suggested that hyperglycaemia decreases connexin43 expression (Li et al., 2003; Sato 

et al., 2002). Bobbie et al. (2010) demonstrated diabetes-induced down-regulation of connexin43 

expression using a diabetic mouse. Moreover, Tien et al. (2016) found that connexin43 expression 

decreased in diabetic donor retinas compared to non-diabetic tissues. While these studies have 

described connexin43 expression in diabetes, our review of the literature found no studies that have 

directly assessed connexin43 expression in human retinas diagnosed specifically with PDR, the 

form of DR with the most extensive vascular disruptions. Our results showed that connexin43 

expression increased significantly (p < 0.0001) in Akimba mice, a model of advanced PDR, and 

qualitatively in human donor tissues with confirmed PDR.  

It was proposed by Bobbie et al. (2010) that a decrease in connexin43 expression in diabetes 

stimulates pathological mechanisms that result in DR with increased connexin43 expression being 

protective (Fernandes et al., 2004; Li et al., 2003; Sato et al., 2002). Our findings would indicate 

that whilst connexin43 may well decrease with diabetes, it appears to be markedly increased with 

the onset of DR, associated with both astrogliosis and neovascularization. This suggests that an 

increase in connexin43 expression may be contributing to inflammatory mechanisms and vascular 

changes associated with the disease progression as has been described for other retinal 

inflammatory conditions, both acute and chronic (for review, see (Danesh-Meyer et al., 2016)). 

Therefore, the difference in connexin43 expression observed between diabetic Akita and DR 

Akimba mice could highlight the concerted role of hyperglycaemia and inflammation in DR. While 

the Akimba mouse exhibits both human VEGF over-expression and hyperglycaemia, Akita mouse 

only show hyperglycaemia. Therefore, inflammation associated with over expression of VEGF in 

Akimba mice was necessary to induce marked vascular breakdown seen in DR which was 

associated with an increase in connexin43 expression, similar to our hRMEC in vitro findings. 

The extent of astrogliosis associated with increased connexin43 expression in Akimba mice was 

marked while this was not seen in diabetic Akita mice. Additionally, PLVAP expression, a marker 

of newly formed blood vessels (in mice), was higher in Akimba retinas compared to wild-type and 
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Akita mice. This is in line with previous studies where PLVAP expression was shown to be higher 

in Akimba compared to wild-type and Akita mice, suggesting the presence of neovascularization 

(Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014). A recent study by McLenachan and 

colleagues (2015), describing the properties of the retinal vasculature in normal, diabetic and DR 

models, found no detrimental changes in vascular properties with diabetes but significant vascular 

breakdown in DR mouse models. This again suggests that DR and diabetes alone may have 

different vascular pathologies. The same researchers have previously reported that retinas of 

diabetic Akita mice showed no clinical signs of DR (McLenachan et al., 2013). On the other hand, 

the Akimba mouse has been characterised as a model of advanced PDR (Rakoczy et al., 2010; 

Wisniewska-Kruk et al., 2014). These studies, in combination with our own findings suggest that 

a marked increase in connexin43 expression may be associated with the pathology of DR. This 

pattern is not unique, as reduced connexin43 expression with diabetes, then an overshoot in 

response to injury associated with skin wounds, is associated with poor healing in both diabetic 

wound animal models and humans (Mendoza-Naranjo et al., 2012). 

Connexin43 expression in Akimba retinas did not always co-localise with GFAP labelling 

suggesting that connexin43-expressing endothelial cells may also show higher expression patterns. 

This was further supported by our in vitro study where connexin43 expression was increased in 

primary endothelial cells. Therefore, we evaluated changes in connexin43 expression in blood 

vessels specifically and found that the connexin43 spot count was significantly increased in blood 

vessels of Akimba compared to wild-type and Akita mice. This increase in connexin43 in blood 

vessels may be detrimental as it may contribute to vascular leakage in vivo. A possible mechanism 

of connexin43-mediated vascular breakdown could therefore be an increase in connexin43 

hemichannels on the endothelial cell surface compounded by pathological hemichannel opening 

within an inflammatory environment (Danesh-Meyer et al., 2016; De Bock et al., 2012; Eugenin 

et al., 2012; Kim et al., 2016). Given that an increase in connexin43 hemichannel expression and 

hemichannel opening has been associated with inflammation, apoptosis and lesion spread in other 

vascular injury and disease conditions, such as spinal cord injury and retinal stroke, we would 

hypothesize a similar pathological pattern for DR (Bobbie et al., 2010; Coutinho et al., 2003; 

Danesh-Meyer et al., 2012; Danesh-Meyer et al., 2016; O'Carroll et al., 2013).  
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In conclusion, our findings support the hypothesis that DR is characterized by a combination of 

both hyperglycaemic and inflammatory disease mechanisms. Furthermore, the findings suggest 

that DR is associated with an increase in connexin43 expression that is distinct from the changes 

seen with diabetes or hyperglycaemia alone. These findings, therefore, highlight the need for 

careful consideration of models used to study the retinal pathophysiology of DR especially when 

evaluating novel treatments for the condition. 

2.6 Epilogue 

The results presented in this chapter have demonstrated that connexin43 expression increases in 

human donor retinas with confirmed DR diagnosis. The pattern of connexin43 expression seen in 

the human tissues correlated with in vitro and in vivo results only when both hyperglycaemic and 

inflammatory processes were combined. Interestingly, in diabetic mice without inflammation 

(Akita) there was a tendency towards decreased connexin43 expression possibly explaining the 

discordance in literature with regards to connexin43 pathology in DR. Additionally, the increase 

in connexin43 expression correlated with leaky and damaged blood vessels in both Akimba mice 

and human donor retinas, suggesting that connexin43 may play a key role in vascular disruption 

seen in the disease.  

As a result of the findings in this chapter, the next practical step is to investigate the mechanism by 

which connexin43 contributes to the DR pathology. Various studies on ocular and non-ocular 

diseases have shown that connexin43 plays a role in disease pathology by contributing to 

inflammation (Becker et al., 2012; Bennett et al., 2012; Danesh-Meyer et al., 2016; Willebrords et 

al., 2016). Particularly, opening of connexin43 hemichannels has been shown to contribute to the 

initiation and propagation of inflammatory processes in several diseases (Chen, Green, Teague, et 

al., 2015; Chen, Green, Wang, et al., 2015; Cronin et al., 2008; Davidson et al., 2014; Davidson et 

al., 2013; Davidson et al., 2012; De Bock et al., 2012; Galinsky et al., 2015; Guo, Mat Nor, et al., 

2016; Mao et al., 2017; Orellana et al., 2011; Vinken, 2015; Zhang et al., 2014). Consequently, the 

next chapter examines the role of connexin43 hemichannels in DR using a model that incorporates 

hyperglycaemia and inflammation.  
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3 The inflammasome pathway is amplified and 

perpetuated in an autocrine manner through 

connexin43 hemichannel mediated ATP release 

Mugisho OO, Green CR, Kho DT, et al. The inflammasome pathway is amplified and 

perpetuated in an autocrine manner through connexin43 hemichannel mediated ATP release. 

Biochim Biophys Acta. 2018;1862(3):385-93. 

3.1 Prologue 

The previous chapter showed that connexin43 expression increases in diabetic retinopathy (DR), 

thereby suggesting a possible role for connexin43 channels in the disease. Furthermore, a 

comparison of diabetic Akita and DR Akimba models suggests that connexin43 expression 

increases with disease severity, pointing towards a direct role for connexin43 in the development 

and/or progression of the disease. Many studies have reported different pathways through which 

connexin43 proteins can contribute to cell death mechanisms (Becker et al., 2012; Bennett et al., 

2012; Cheung et al., 2014; Chew et al., 2010; Danesh-Meyer et al., 2016; Kar et al., 2012; Oviedo-

Orta et al., 2013; Rodríguez-Sinovas et al., 2012; Willebrords et al., 2016). Some studies have 

proposed that connexin43 gap junctions mediate cell death through a mechanism known as 

‘bystander cell death’ where injured or inflamed cells are believed to communicate death signals 

to neighbouring cells through gap junctions (Freeman et al., 1993; Pang et al., 2009). If this 

mechanism holds true then loss of connexin43 expression, as seen in knockout models, should 

reduce gap junction communication during inflammation thereby reducing spread of injury. 

However, studies have shown that knockout of connexin43 does not alleviate cell death suggesting 

a different mechanism might be in play (Nakase et al., 2004; Siushansian et al., 2001).  

An alternative and now generally accepted hypothesis is that connexin43 hemichannels mediate 

cell death processes. Connexin43 hemichannels, that are physiologically closed, open during 

inflammatory or ischaemic conditions to contribute to the worsening of injury (Davidson et al., 

2014; Davidson et al., 2012; Galinsky et al., 2015; Orellana et al., 2012; Retamal et al., 2007). 

Particularly, it is believed that hemichannels contribute to cell death by regulating extracellular 
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ATP levels (Orellana et al., 2011). However, the exact mechanism by which connexin43 

hemichannel-mediated ATP release activates ischaemic and inflammatory processes remains 

unknown. As a result, this chapter focuses on deciphering the mechanism by which connexin43 

hemichannel-mediated ATP release interacts with the inflammation/inflammasome pathways.  

To study the mechanism by which connexin43 hemichannels regulate the 

inflammation/inflammasome pathways, immortalised retinal pigment epithelial cells (ARPE-19), 

cells that form the outer blood retinal barrier and are thus affected in DR, were used. However, in 

order to proceed with these cells, the connexin43 expression pattern, basally and following 

hyperglycaemia and inflammation, was first studied to establish whether its expression pattern was 

similar to the one in hRMECs reported in Chapter 2. Therefore, immunohistochemistry (for 

methods, see Sections 2.3.1.3 and 2.3.1.4 in Chapter 2 of this thesis) was used to examine 

expression and localisation of connexin43 protein following a combination treatment with high 

glucose (HG) and pro-inflammatory cytokines and compare these to basal levels. Similar to 

hRMECs, the HG and cytokine concentrations used were determined based on the LDH release 

assay described in Appendix I.  

Results showed that connexin43 protein was expressed and localised to the cell-cell interface under 

basal conditions. However, the total connexin43 expression increased following HG and cytokine 

treatment (132.1 ± 5.2%) compared to basal (100.0 ± 7.7%; p = 0.0261) conditions. Furthermore, 

there was a change in localisation of connexin43 protein from the cell-cell junctions at the cell 

membrane to the cytoplasm (white arrows; Figure 3.1A). These results show that connexin43 

expression was increased following combination treatment with HG and cytokines in ARPE-19 

cells, similar to hRMECs, Akimba tissues and human donor retinas.  
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Figure 3.1: Co-application of HG and pro-inflammatory cytokines, IL-1β or TNF-α, disorganises connexin43 

(green) gap junctions and increase overall connexin43 expression in ARPE-19 cells. 

(A) Connexin43 protein is expressed at gap junctions in basal conditions. However, co-application of HG and cytokines 

leads to a loss of connexin43 localisation at gap junctions. The gap junction localised connexin43 proteins are indicated 

by white arrows. Cell nuclei are stained with DAPI (blue). Scale bar = 25 µm; (B) HG and cytokines leads to an 

increase in overall connexin43 protein expression relative to basal conditions (p = 0.0261). Results are expressed as 

mean + SD. Statistical comparison was carried out using a student t-test. n = 3; t = 24 h; *p < 0.05. 

The following chapter evaluated the role and mechanism of connexin43 hemichannel-mediated 

ATP release in the inflammation/inflammasome pathway. The data presented here has been 

published in Biophysica et Biochemical Acta: General Subjects (Impact factor: 4.702). This journal 

generally publishes in the areas of biochemistry and biophysics.  

3.2 Introduction 

Several studies have shown that connexin43 channels contribute to inflammatory processes (Mori 

et al., 2006; Oviedo-Orta et al., 2013; Qiu et al., 2003), with undocked connexin43 hemichannels 

rather than gap junctions thought to mediate the most deleterious effects (Bennett et al., 2012; 

Danesh-Meyer et al., 2016; Kim et al., 2016; Willebrords et al., 2016). In central nervous system 

injury, not only is connexin43 commonly upregulated, but hemichannel opening can contribute to 

lesion spread, inflammation, vascular leak, oedema, gliosis and neuronal loss (Bennett et al., 2012; 
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Danesh-Meyer et al., 2012; Davidson et al., 2012; De Bock et al., 2011; Decrock et al., 2015; 

Galinsky et al., 2015; Kim et al., 2016; Mao et al., 2017; O'Carroll et al., 2008; O'Carroll et al., 

2013; Orellana et al., 2011; Quist et al., 2000; Wang et al., 2013; Willebrords et al., 2016). 

Prevention of hemichannel opening significantly improves outcomes in all cases and prevents 

disease progression in models of chronic disease.  

In the retina, connexin43 is expressed by vascular endothelial, glial, and retinal pigment epithelium 

(RPE) cells, most of which are crucial to the functioning of the inner and outer blood retinal barriers 

(BRB) (Danesh-Meyer et al., 2016). As an example, the rat bright light-induced retinal damage 

model, said to cause pathological changes resembling age-related macular degeneration (Guo, Mat 

Nor, et al., 2016; Rutar et al., 2010; Yu et al., 2007), shows an association between increased 

connexin43 expression and inflammation, starting in the choroid and leading to oxidative stress 

and damage to the retina (Guo et al., 2014).  In this model, both the connexin43 hemichannel 

blocker Peptide5 and the small molecule hemichannel blocker Xiflam (Tonabersat) have been 

shown to reduce inflammation, prevent retinal and choroidal thinning and loss of retinal function 

(Guo, Mat Nor, et al., 2016; Kim, Griffin, Nor, et al., 2017). These findings, and many more in 

non-ocular diseases, have made connexin43 hemichannels a key target for the development of 

inflammation-mitigating therapeutics.  

DR, the most common complication of diabetes, is a degenerative chronic vascular disease that can 

lead to vision loss. A number of studies have established a vital role for inflammatory processes 

such as the secretion of pro-inflammatory molecules and immune cell activation in its pathogenesis 

(Abu el Asrar et al., 1992; Joussen et al., 2004; McLeod et al., 1995; Vujosevic & Simo, 2017; Xu 

& Chen, 2017; Zhou et al., 2012) and recent clinical studies have shown a correlation between 

intraocular inflammatory diseases such as uveitis and diabetic retinopathy suggesting that existing 

extra-retinal inflammatory conditions can contribute to hyperglycaemia-related changes to the 

retina (Kheir et al., 2017). In an animal model of retinal ischaemia-reperfusion, said to mimic 

aspects of DR, hemichannel block with Peptide5 significantly reduced vascular leak, inflammation 

and downstream neuronal (retinal ganglion cell) loss, indicating a potential role for connexin 

hemichannels in disease onset (Chen, Green, Teague, et al., 2015; Chen, Green, Wang, et al., 2015; 

Danesh-Meyer et al., 2012).  
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In a bid to further understand the underlying molecular link between connexin43 hemichannels and 

inflammatory diseases, studies have explored the role of connexin43 in inflammation and the 

inflammasome pathway (for review, see (Kim et al., 2016; Willebrords et al., 2016)). In several 

central nervous system damage models, a rapid increase in extracellular ATP has been reported in 

response to injuries such as cerebral ischaemia (Melani et al., 2006), spinal cord injury (Cotrina et 

al., 2000), and epilepsy-initiated seizures (During & Spencer, 1992). ATP is a molecule commonly 

known to activate the NOD-like receptor protein-3 (NLRP3) inflammasome (Bours et al., 2011; de 

Rivero Vaccari et al., 2014; Kim et al., 2016; Song et al., 2017). In response to this stimulus, 

NLRP3 triggers the recruitment of apoptosis-associated speck-like protein containing a caspase 

activation and recruitment domain (ASC) and pro-caspase 1 to form the inflammasome complex, 

a multimeric protein aggregate. Formation of the NLRP3 inflammasome aggregate causes a 

conformational change that converts pro-caspase 1 to caspase 1 that in turn cleaves and activates 

inflammatory molecules such as IL-18 for release. Connexin43 hemichannels mediate ATP release, 

including ATP induced ATP release, and can therefore play a key role in inflammasome activation 

(Bennett et al., 2012; Kim et al., 2016; Kim, Griffin, Harris, et al., 2017; Kim, Griffin, Nor, et al., 

2017; Mallard et al., 2014; Suadicani et al., 2006).  

The main aim of this study was to use an in vitro cell culture model that incorporates 

hyperglycaemia and inflammation to investigate the hypothesis that connexin43 hemichannel-

mediated ATP release may play a role in inflammasome pathway activation in diseases such as 

DR. Inflammation was induced by exposing the cells to a combination of IL-1β and TNF-α, potent 

pro-inflammatory cytokines that have been implicated in the pathology of DR (Zhou et al., 2012). 

The released cytokines studied were IL-6 (a pro-inflammatory cytokine), IL-8 (a neutrophil 

chemotactic factor), MCP-1 (a monocyte chemoattractant) and sICAM-1 (leukocyte-endothelial 

cell adhesion factor), cytokines that have been extensively studied in the literature (for review see 

(Tang & Kern, 2011)), as well as VEGF (a stimulator of vasculogenesis), all found to be elevated 

in the vitreous of DR patients (Abu el Asrar et al., 1992; Ajlan et al., 2016; Zhou et al., 2012). The 

role of connexin43 hemichannels in the disease process was then evaluated using the connexin43 

hemichannel blocker, Peptide5, to prevent hemichannel opening.  
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3.3 Methods 

3.3.1 Cell culture 

Human adult retinal pigment epithelial cells (ARPE-19; American Type Culture Collection, 

Manassas, VA) were cultured in Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 

(DMEM-F12; Thermofisher Scientific Inc., USA) supplemented with 10% foetal bovine serum 

(FBS; Invitrogen) and a 1x antibiotics and antimycotics mixture (AA, 100x stock) at 37 °C in a 

humidified 5% CO2 incubator. Cells were grown in T75 flasks and the medium was changed twice 

per week until confluent and ready for experimentation.   

3.3.2 High glucose (HG) and/or cytokine challenge 

At passage 6-12, cells were plated at 2.5 x 105 cells/mL in 8-well chamber slides for 

immunohistochemical studies or 24-well plates for ATP release assay and cytometric bead array 

analysis. Once confluent, the culture medium was changed to treatments in serum-free DMEM-

F12 containing 1x AA. Some cultures were challenged with 15 mM glucose (HG group), a 

combination of pro-inflammatory cytokines 10 ng/mL TNF-α (Peprotech, USA) and 10 ng/mL IL-

1β (Peprotech, USA) (Cytokines group), or a combination of HG, 10 ng/mL TNF-α and 10 ng/mL 

IL-1β (HG + Cytokines group). The untreated group received a medium change with no additional 

treatments (Basal group). All assessments were carried out 24 h post-treatment. 

3.3.3 Peptide5 treatment 

Peptide5 (H-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-OH; China Peptides, China) 

(O'Carroll et al., 2008) was administered to cells at the same time as HG and pro-inflammatory 

cytokines. Concentration-dependent effects were studied at 5, 10, 25 and 50 µM of Peptide5 after 

24 h. These concentrations have been previously shown to block connexin43 hemichannels with 

minimal effect on gap junction cell-cell coupling (O'Carroll et al., 2008). 

3.3.4 Cytokine and chemokine measurements using cytometric bead array 

Soluble cytokines and chemokines in the ARPE-19 incubation medium were measured 

simultaneously using multiplexed bead-based immunoassays, Cytometric Bead Array (CBA, BD 
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Biosciences, USA). Three samples of 50 µL were taken from duplicate cultures in 24-well plates 

after 24 h and transferred into a 96-well plate to be used for the CBA assay. The assay was 

conducted according to the manufacturer’s instructions. Briefly, a ten-point standard curve ranging 

from 0 to 5000 pg/mL for each cytokine was prepared using the cytokine standard provided in each 

kit (Appendix III). The cytokines measured were human soluble CD54 (sICAM-1, cat# 560269, 

BD Biosciences, USA), IL-6 (cat# 558276), IL-8 (cat# 558227), and MCP-1 (cat# 558287). 

Samples and cytokine standards were incubated in the capture bead mixture for 1 h and 

Phycoerythrin (PE)-conjugated antibodies against each cytokine were added to the sample-bead 

mixture for a 2 h incubation at room temperature. All buffers used were from the CBA human 

soluble protein master buffer kit (cat# 558265, BD Biosciences, USA). Beads were washed and 

analysed using an Accuri C6 flow cytometer (BD Biosciences, USA). The mean fluorescence 

intensity for each bead cluster was converted into cytokine concentrations based on the ten-point 

standard curve using FCAP Array™ software (BD version 3.1) as described previously (O'Carroll 

et al., 2015).  

3.3.5 ATP release assay 

After 24 h of incubation in treatment media, ATP release was measured in triplicate using 50 µL 

of culture medium taken from duplicate wells of 24-well plates. ATP released into the culture 

medium was measured using the ATPlite Luminescence ATP Detection Assay System as per 

manufacturer instructions (PerkinElmer, USA). ATP release (%) in Peptide5 treated cultures 

(treated group) were calculated relative to cells treated with HG and cytokines (injury group) using 

the formula:  

(OD490 [treated group] – OD490 [injury group]/ (OD490 [injury group]) × 100% 

3.3.6 Immunohistochemistry 

After 24 h of incubation in treatment media, cells were fixed with 4% paraformaldehyde for 10 

min and permeabilised with 0.1% Triton X-100 in phosphate buffer saline (PBS) for 10 min. Cells 

were then incubated with mouse anti-NLRP3 (1:100; Abcam, USA) at 4 °C overnight followed by 

washing in PBS three times for 15 min. A goat anti-mouse Cy3 (1:500; Jackson Immuno Research, 

USA) secondary antibody was applied to the slides and incubated at room temperature for 3 h. 
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Secondary antibody only controls revealed no non-specific labelling (Appendix II). Cell nuclei 

were stained with DAPI (1:1000; Sigma-Aldrich, USA). Cells were washed and mounted using 

Citifluor™ anti-fade reagent and coverslips were sealed with nail polish. Labelling was repeated 

three times in separate experiments.  

3.3.7 Image analysis and quantification of NLRP3 immunolabelling 

All images were taken on an Olympus FV1000 confocal laser scanning microscope (Olympus, 

Tokyo, Japan) and processed using FV-10 ASW 3.0 Viewer and ImageJ software version 1.46r 

(National Institutes of Health, USA). For NLRP3 immunohistochemical analysis, four images were 

analysed per well and the entire experiment was repeated three times. Using ImageJ, each image 

was split into its RGB channels with NLRP3 in the red and DAPI in the blue channel. Each NLRP3 

image was converted to a binary image and a sharpen filter was used to highlight the NLRP3 

complexes only. An equal threshold value was applied to all images to reduce the background and 

allow inflammasome counts independent of noise speckling and the larger nuclei. The number of 

NLPR3 spots were counted for each image and averaged. 

3.3.8 Statistical analysis 

Data are presented as arithmetic means + standard deviation. Statistical comparisons between 

groups were performed using one-way ANOVA. Post hoc Tukey’s multiple comparison test was 

used when comparing each data point to every other data point in the series. Post hoc Dunnett’s 

multiple comparison’s test was used when comparing each data point to one data point only. The 

specific statistical method used for each data set is presented in the figure legends. A p < 0.05 was 

considered to be statistically significant. All statistical analysis was performed using GraphPad 

Prism 6.  

3.4 Results 

3.4.1 Co-application of high glucose and cytokines increased IL-6, sICAM-1, MCP-1, IL-8 

and VEGF secretion. 

We evaluated the effects of individual or combined application of HG and pro-inflammatory 

cytokines on secretion of inflammation pathway cytokines. HG did not stimulate the release of IL-
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6 or sICAM-1, MCP-1 or IL-8 relative to basal levels (Figure 3.2). Cytokines alone did not induce 

a significant change in sICAM-1 levels, but did induce higher IL-6 (p < 0.0001), MCP-1 (p = 

0.0002) and IL-8 (p < 0.0001) levels compared with basal conditions. Co-application of both HG 

and cytokines, however, lead to much higher  IL-6, sICAM-1, MCP-1 and IL-8 release relative to 

basal, HG only, and cytokines only (p < 0.0001 for all) (Figure 3.2). This increase was two- to 

three-fold higher than with inflammatory cytokines alone. 

 

Figure 3.2: Secretion of IL-6, sICAM-1, MCP-1, and IL-8 under basal conditions and in response to high glucose 

(HG), cytokines, and co-application of HG and cytokines.  

Administration of cytokines alone, but not HG alone, induced IL-6 release. Neither cytokines alone nor HG alone 

induced secretion of sICAM-1. Co-application of HG and cytokines, however, resulted in higher IL-6 and sICAM-1 

release compared to basal levels. Cytokines induced MCP-1 and IL-8 release. Co-administration with HG resulted in 

higher levels of MCP-1 and IL-8. Results are expressed as mean + SD; Statistical analyses were carried out using one-

way ANOVA with Tukey’s multiple comparison’s test; N = 3; t = 24 h; ***p ≤ 0.001; ****p ≤ 0.0001. 
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Similarly, we evaluated secretion of VEGF, a potent stimulator of neovascularisation in chronic 

inflammatory retinal diseases such as DR and age related macular degeneration (AMD). Neither 

inflammatory cytokines nor HG, when added separately, had a significant effect on VEGF release 

compared to basal levels (Figure 3.3). However, a combination of inflammatory cytokines and HG 

significantly increased VEGF release (p < 0.0001) with VEGF concentrations being more than 

double its baseline level. 

 

Figure 3.3: VEGF secretion under basal conditions, in response to HG, cytokines, and co-application of HG and 

cytokines, following Peptide5 treatment and ATP addition.  

Co-administration of HG and cytokines, but not HG or cytokines alone, induced VEGF release (p < 0.0001). Peptide5 

treatment prevented VEGF secretion back to basal levels but addition of exogenous ATP negated Peptide5 mediated 

protection against VEGF release. Results are expressed as mean + SD. Statistical analyses were carried out using one-

way ANOVA with Tukey’s multiple comparison’s test. n = 3; t = 24 h; n.s. = significant; **p ≤ 0.01; ****p ≤ 0.0001. 

3.4.2  Connexin hemichannel block prevents expression of IL-6, IL-8, sICAM-1, MCP-1 

and VEGF following co-application of HG and cytokines 

In order to evaluate the role of connexin43 hemichannels in HG and cytokine-mediated pathology, 

cells were exposed to Peptide5, a well-established blocker of connexin43 hemichannels (Danesh-

Meyer et al., 2012). Our results show that Peptide5 significantly prevented the secretion of IL-6, 

IL-8, sICAM-1 and MCP-1 following co-application of both HG and cytokines (Figure 3.4, p < 
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0.0001 for all). There was a slight trend towards a concentration-dependent decrease in IL-6, IL-8 

and MCP-1 secretion with Peptide5 treatment, but for sICAM-1, all peptide concentrations had the 

same effect. Furthermore, with the addition of the connexin hemichannel blocker, VEGF release 

was also completely arrested and the extracellular concentration was reduced almost back to 

baseline level with no statistical significance (p = 0.98) between baseline and HG + Cytokine + 

Peptide5 treated groups (Figure 3.3). 

 

Figure 3.4: Peptide5 prevented the expression of IL-6, IL-8, sICAM-1 and MCP-1 following co-application of 

HG and cytokines.  

Co-application of HG and cytokines induced IL-6, IL-8, sICAM-1 and MCP-1 release by ARPE-19 cells but Peptide5 

treatment at 5, 10, 25 and 50 µM prevented IL-6, IL-8, and MCP-1 secretion in a concentration-dependent manner. 

Results are expressed as mean + SD. Statistical analysis was carried out using one-way ANOVA with Dunnett’s 

multiple comparisons test. All treatments were significantly different from co-application of HG and cytokines. n = 3; 

t = 24 h; p < 0.0001 in all cases. 
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3.4.3 Connexin hemichannel block prevents high glucose plus cytokine induced ATP 

release 

Cytokines are too large to pass through connexin hemichannels and previous studies in our 

laboratory and elsewhere (for review see (Leybaert et al., 2017; Orellana et al., 2012)) have shown 

that open connexin43 hemichannels release ATP (Kim, Griffin, Harris, et al., 2017). Increased ATP 

release causes inflammasome activation and cytokine release (Kim et al., 2016). Therefore, we 

evaluated ATP release following HG and cytokine injury and in response to additional Peptide5 

treatment. We found that at 24 h, co-application of HG and cytokines resulted in high levels of 

ATP release (Figure 3.5), double the level released basally by ARPE-19 cells (p < 0.0001). 

Peptide5 treatment significantly prevented ATP release compared to HG and cytokines (p = 

0.0004) such that there was no statistically significant difference between the Peptide5 treated 

group and basal conditions (p = 0.8758). We administered scramble peptide to determine if the 

effect of Peptide5 was specific. Results show that scrambled peptide did not protect against ATP 

release. ATP release in the scrambled peptide group was significantly higher than basal levels (p = 

0.0002). However, there was no statistical difference between scrambled peptide and injury groups 

(p = 0.9903).  
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Figure 3.5: Peptide5, not scrambled peptide, protected against HG plus cytokine-induced ATP release.  

Co-application of HG and cytokines lead to an increase in ATP release relative to basal conditions. Peptide5 prevented 

ATP release mediated by HG + cytokines. There was no statistically significant difference between the Peptide5 treated 

group and basal conditions. Scrambled peptide did not process against ATP release and there was no statistically 

significant difference between the scrambled peptide group and injury group. Results are expressed as mean + SD. 

Statistical analysis was carried out using one-way ANOVA with Tukey’s multiple comparisons test. n = 3; t = 24 h; 

n.s. = not significant; ***p ≤ 0.001; ****p ≤ 0.0001. 

3.4.4 Exogenous extracellular ATP itself does not induce IL-6, sICAM-1, MCP-1, IL-8 or 

VEGF release but does reverse connexin hemichannel block protection against IL-6, 

IL-8 and VEGF release. 

Given that ATP was released following co-application of HG and cytokines, we wanted to know 

whether ATP alone is sufficient to induce cytokine release. As Table 3.1 shows, we found that 

exposing ARPE-19 cells to 10 nM of exogenous ATP resulted in no change in IL-6, sICAM-1, IL-

8 or VEGF secretion but did cause a decrease in MCP-1 release compared to basal conditions (p ≤ 

0.0001).  
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Table 3.1: Secretion of IL-6, sICAM-1, MCP-1 and IL-8 in response to extracellular ATP 

Cytokines (pg/mL) Basal (pg/mL) ATP (pg/mL) Significance 
IL-6 6.83 ± 0.36 8.22 ± 2.25 n.s. 

sICAM-1 1.86 ± 2.66 0 n.s. 
MCP-1 632.91 ± 209.97 230.72 ± 37.08 **** 

IL-8 43.61 ± 34.24 67.70 ± 11.44 n.s. 
VEGF 124.35 ± 22.94 56.62 ± 8.94 n.s. 

n.s. = not significant; ****p ≤ 0.0001 

Exogenous ATP at 10 nM was not sufficient to induce cytokine release alone. On this basis, we 

hypothesised that adding the same concentration of ATP into the extracellular environment while 

cells are exposed to HG, cytokines and Peptide5, could override Peptide5-mediated block of 

inflammatory cytokine secretion if this is actually a result of hemichannel mediated ATP release. 

Our hypothesis was proven with regards to IL-6, MCP-1 and IL-8 release where the presence of 

exogenous ATP led to the secretion of the cytokines back towards injury levels (Figure 3.6). 

Although there was a trend towards increased sICAM-1 release in the presence of exogenous ATP, 

this did not reach statistical significance. However, addition of exogenous extracellular ATP 

completely overrode the Peptide5 hemichannel block effect on VEGF release, and VEGF levels 

were again significantly increased (Figure 3.3).  
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Figure 3.6: ATP reversed Peptide5-mediated decrease in the expression of IL-6, MCP-1 and IL-8 but not 

sICAM-1. 

 Co-application of HG and cytokines induced IL-6, IL-8, sICAM-1 and MCP-1 release by ARPE-19 cells but Peptide5 

treatment at 25 µM prevented secretion of the cytokines. Extracellular ATP (10 nM) reversed Peptide5 mediated 

protection against IL-6, MCP-1, and IL-8 release but not sICAM-1. Results are expressed as mean + SD. Statistical 

analysis was carried out using one-way ANOVA with Tukey’s multiple comparisons test. n = 3; t = 24 h; n.s. = not 

significant; *p ≤ 0.05; **p ≤ 0.01; *** p ≤ 0.001; ****p ≤ 0.0001. 

The fact that these results are through regulation of inflammasome complex assembly can be shown 

using immunohistochemical labelling of the NLRP3 inflammasome complex. Inactive NLRP3 is 

normally dispersed within the cytoplasm but upon inflammasome activation oligomerisation 

concentrates multiple NLRP3 copies within the inflammasome complex enabling them to be 

visualised with immunohistochemical labelling. Upon addition of HG and inflammatory cytokines 

multiple complexes were labelled within the ARPE-19 cells (small spots in Figure 3.7A). The 
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addition of Peptide5 blocked inflammasome assembly (Figure 3.7B) and little labelling was seen 

in the cell cytoplasm (note that this antibody does give a high nuclear background under all 

conditions). However, the addition of exogenous ATP overrode the treatment and inflammasome 

complexes were again seen to form within the cytoplasm (quantified in Figure 3.7C). 

 

Figure 3.7: Immunohistochemical labelling of the NLRP3 complex.  

Inactive NLRP3 is normally dispersed within the cytoplasm but upon inflammasome activation with HG and 

inflammatory cytokines, oligomerization concentrated multiple NLRP3 copies within the inflammasome complex 

enabling them to be visualised as small spots (arrows, A). The addition of Peptide5 blocked inflammasome assembly 

with only a few complex spots seen (B). The high nuclear background label with this antibody was present under all 

conditions. The addition of exogenous 10 nM ATP overrode the Peptide5 treatment and inflammasome complexes 

again formed within the cytoplasm (C). The inflammasome spots, excluding the nuclear staining, were quantified. 

Scale bar = 50 µm; Results are expressed as mean + SD. Statistical analysis was carried out using one-way ANOVA 

with Tukey’s multiple comparisons test. n = 3; t = 24 h; ****p ≤ 0.0001. 
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3.5 Discussion 

In DR, hyperglycaemia-mediated changes have been implicated (Ablonczy & Crosson, 2007; 

Farnoodian et al., 2016; Kim et al., 2014; Villarroel et al., 2009) but inflammatory cytokines are 

also elevated (Vujosevic & Simo, 2017; Xu & Chen, 2017). Furthermore, both AMD (Ildefonso et 

al., 2016; Kauppinen et al., 2016) and DR (Loukovaara et al., 2017; Xu & Chen, 2017) are 

associated with activation of the innate immune system inflammasome complex. We investigated 

how ARPE-19 cells respond to a combination of hyperglycaemia and inflammation. The pro-

inflammatory cytokines, IL-1β and TNF-α were selected as they have been previously associated 

with the pathogenesis of DR and are increased in the vitreous humour of patients with that disease 

(Zhou et al., 2012).  

Although a loss of gap junction communication in DR has been proposed in the literature (Bobbie 

et al., 2010; Li et al., 2003; Sato et al., 2002), connexin43 is most commonly upregulated at sites 

of inflammation (Willebrords et al., 2016). It is important to note that connexin43 is not only 

expressed in gap junctions but also in hemichannels, the opening of which can form pathological 

plasma membrane pores in response to injury (Decrock et al., 2015; Kim et al., 2016; Willebrords 

et al., 2016). While gap junctions play physiological roles in cellular homeostasis, hemichannels 

mediate ATP release and play a key role in inflammation and inflammasome activation (Bennett 

et al., 2012; Decrock et al., 2015; Kim et al., 2016; Kim, Griffin, Harris, et al., 2017; Kim, Griffin, 

Nor, et al., 2017; Mallard et al., 2014; Suadicani et al., 2006; Willebrords et al., 2016).  

Our findings have shown that a combination of both hyperglycaemia and inflammation leads to an 

increase in the release of inflammatory mediators, IL-6, sICAM-1, MCP-1 and IL-8, compared to 

hyperglycaemia or inflammation alone. The release of IL-6 and sICAM-1 indicates a change in the 

levels of cell stress and inflammation. IL-6, a pro-inflammatory cytokine, is a ‘death’ signal, and 

its expression increases when cells are exposed to inflammatory stress (Planck et al., 1992). On the 

other hand, sICAM-1 is cleaved from cell surfaces and can act as a regulatory molecule to control 

leukocyte adhesion to the cell surface (Miyamoto et al., 2000). We also measured the expression 

of MCP-1 and IL-8, chemokines that are involved in the recruitment of leukocytes that worsen the 

inflammatory response.  The recruitment of leukocytes has been shown to increase in the retina of 

DR patients and is considered to contribute to BRB breakdown and capillary leakage in the disease 
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(Barouch et al., 2000; Joussen et al., 2004; Xu & Chen, 2017). Taken together, our findings suggest 

that hyperglycaemia exacerbates inflammation-mediated molecular changes. Our results show that 

in the presence of the hemichannel blocker Peptide5 at concentrations as low as 5 µM, there was a 

statistically significant decrease in the secretion of inflammatory mediators. Our results are in line 

with in vivo spinal cord and brain injury models, the retinal ischaemia-reperfusion injury model 

(said to mimic aspects of DR), and the retina bright light-induced damage model (said to replicate 

changes seen in AMD) that have all shown a decrease in inflammation (and in some cases vascular 

leak), and improved outcomes (including reduced seizures, improved neuronal survival, and 

maintenance of retinal structure and retinal function) in response to Peptide5 treatment (Antonetti 

et al., 1999; Chen, Green, Teague, et al., 2015; Chen, Green, Wang, et al., 2015; Danesh-Meyer et 

al., 2012; Davidson et al., 2014; Davidson et al., 2012; Guo, Mat Nor, et al., 2016; Mao et al., 2017; 

O'Carroll et al., 2008; O'Carroll et al., 2013). 

The regulation of cytokine release by connexin43 hemichannels is not direct as these molecules 

are too large to move through gap junction hemichannels which have a size restriction of about 1 

kDa. However, ATP is released through connexin43 hemichannels in injury conditions (Kim, 

Griffin, Harris, et al., 2017; Leybaert et al., 2017; Orellana et al., 2012). In order to understand the 

mechanism by which connexin43 mediates inflammation in chronic diseases such as DR, we 

measured the release of ATP in the presence and absence of Peptide5 in injury conditions (co-

administration of HG and cytokines). We found that ATP release increased significantly with injury 

and Peptide5 was able to prevent this increase in ATP levels back to basal conditions. This indicates 

that the ATP release is primarily connexin hemichannel mediated. Kim and colleagues (2017) have 

previously shown ATP release through connexin43 hemichannels during ischaemic injury which 

was blocked using Peptide5. ATP is a signal molecule that is released during cell stress and 

inflammation. More importantly, ATP is a well-documented modulator of the inflammasome 

pathway (for review see (Kim et al., 2016)). As such, we evaluated whether restoring exogenous 

ATP during Peptide5 treatment could reverse the protection observed with the treatment. While 

ATP alone did not significantly change the secretion profile of the inflammatory mediators, our 

results show that in the presence of injury and despite Peptide5 treatment, exogenous ATP 

increased secretion of inflammatory mediators back towards the levels seen in injury.  
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Several studies have described in detail the process of ATP-mediated inflammasome activation 

(for review see (Abderrazak et al., 2015)), including in patients with AMD (Kauppinen et al., 2016) 

and DR (Loukovaara et al., 2017; Xu & Chen, 2017). It is believed that ATP released into the 

extracellular space is sensed by the NLRP3 protein (via receptors of ATP or its metabolites) 

triggering the aggregation of the NLRP3 inflammasome complex that consists of NLRP3, ASC 

and pro-caspase 1 (Kim et al., 2016). Aggregation of the inflammasome complex triggers activation 

of caspase 1 which is required to cleave inactive pro-inflammatory cytokines into their activated 

forms that are then released into the extracellular environment. Connexin43 hemichannels are 

highly sensitive to inflammasome activators such as danger associated molecular patterns 

(DAMPs) and pathogen associated molecular patterns (PAMPs) (Contreras et al., 2002; Kim et al., 

2016; Retamal et al., 2007; Robertson et al., 2010). While these channels are tightly regulated under 

normal conditions, inflammation increases connexin43 protein expression and the presence of 

PAMPs and DAMPs triggers their opening to form a relative large, non-specific ‘pathological pore’ 

in the plasma membrane (Decrock et al., 2015; Kim et al., 2016; Willebrords et al., 2016). Our 

results suggest that blocking the release of ATP through connexin43 hemichannels, from the very 

cells that are responding to the insult, effectively breaks an autocrine feedback loop that otherwise 

amplifies and perpetuates the inflammasome pathway. This, in turn, leads to a dismantling of the 

inflammasome complex. This pathway is summarised in Figure 3.8. 

Finally, it is of note that one of the cytokines released upon activation of the inflammasome 

complex is VEGF. Anti-VEGF treatments (or VEGF receptor block) are the gold standard of 

current treatments (and new drug developments) for neovascularisation associated with DR and 

the wet form of AMD (Campochiaro et al., 2016; Dhoot & Avery, 2016; Kovach et al., 2012). This 

approach, however, is only targeting late stages of the disease (there is currently no effective 

therapy to ameliorate the progression of dry AMD or geographic atrophy) and long term treatments 

may have adverse effects on vessel, retinal and choroidal structure and the onset of new geographic 

atrophy (Beck et al., 2016; Kniggendorf et al., 2016; Maguire et al., 2016; Munk et al., 2016; Shin 

et al., 2016; Spaide & Fisher, 2006). Whilst these effects remain contentious, anti-VEGF treatments 

nonetheless do not target the underlying cause of the disease with most patients falling back below 

baseline visual acuity within five years (Arevalo et al., 2016). Moreover, recent animal studies have 

suggested mechanisms by which anti-VEGF can be damaging, including neuronal loss 

(Hombrebueno et al., 2015). Peptide5, by blocking connexin43 hemichannels to shut down the 
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inflammasome complex, prevented VEGF release in our model to baseline levels and may thus 

offer a novel upstream approach to preventing the release of excess VEGF (and other inflammatory 

cytokines) in the first place.  

 

Figure 3.8: The role of connexin43 hemichannels in the inflammation/inflammasome pathway.  

(1) Hyperglycaemia and inflammation (including PAMPs and DAMPs) triggers increased expression and opening of 

connexin43 hemichannels. (2) Opening of connexin43 hemichannels results in ATP release into the extracellular 

environment. (3) Extracellular ATP binds to its receptors. (4) ATP binding is directly or indirectly sensed by NLRP3 

protein and (5) NLRP3 protein activation triggers aggregation of NLRP3, ASC, and pro-caspase 1 into the 

inflammasome complex. (6) The inflammasome complex formation converts pro-caspase 1 into active caspase 1. (7) 

Meanwhile, NF-κB, in response to PAMPSs to DAMPs (or cytokines such as TNFα), is translocated to the nucleus 

where as a transcription factor it triggers formation of inactive forms of pro-inflammatory cytokines. (8) Caspase 1 

cleaves pro-inflammatory cytokines from their inactive to their active forms and (9), active pro-inflammatory cytokines 

are secreted into the extracellular environment. (10) Pro-inflammatory cytokines bind to their receptors leading to 

further activation of NF-κB inflammation pathway, but also further ATP release that then acts in an autocrine manner 

to amplify and perpetuate NLRP3 inflammasome complex assembly and the inflammasome cycle. 
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In conclusion, our study shows that connexin43 hemichannels may play a key role in retinal disease 

pathogenesis, not only in initial ATP release that triggers assembly of the NLRP3 inflammasome 

complex, but in amplifying and perpetuating the inflammasome pathway through a connexin 

hemichannel mediated ATP autocrine feedback loop, forming the basis for chronic inflammatory 

disease. Furthermore, Connexin43 hemichannel block prevented VEGF release, acting upstream 

of current therapeutic approaches. These results have implications for chronic inflammatory 

diseases of the eye and in other parts of the body (for recent reviews of the latter see (Butts et al., 

2015; Cea et al., 2013; de Torre-Minguela et al., 2017; Guo, Yu, et al., 2016; Hosseinian et al., 

2015; Wada & Makino, 2016; Zhou, Shi, et al., 2016; Zmora et al., 2017)).   

3.6 Epilogue 

The results presented in this chapter suggest that blocking connexin43 hemichannels at the time of 

injury can prevent release of pro-inflammatory cytokines and ATP. It was demonstrated also that 

ATP released through open connexin43 hemichannels mediates the interaction between 

inflammation and inflammasome pathways in an autocrine manner. Of particular significance in 

DR is VEGF, a growth factor and pro-inflammatory cytokine that plays a pivotal role in the disease 

and is targeted by many therapies as discussed in Chapter 1, Section 1.2.4.1. By blocking ATP 

release and inhibiting VEGF secretion, Peptide5 intercedes early in the disease process to prevent 

inflammation in the first instance. This suggests, therefore, that connexin43 hemichannels blockers 

such as Peptide5 may be used as both prophylactics and treatments. When Peptide5 is used as a 

prophylactic, it has no effect on basal non-inflamed cells. An investigation into the Peptide5 effect 

on pro-inflammatory cytokine release (Table 3.2) showed that Peptide5 does not increase secretion 

of any of the pro-inflammatory cytokines studied but instead reduces MCP-1 secretion. 

In addition to the release of the pro-inflammatory cytokines studied in this chapter, the thesis also 

evaluated the release of IL-10, a potent anti-inflammatory cytokine that decreases macrophage 

activation during inflammation and infection (Couper et al., 2008). Results showed that neither 

injury only (HG + Cytokines) nor injury plus Peptide5 treatment affected IL-10 release (Appendix 

IV). This finding is in line with clinical studies that found no change in IL-10 in the vitreous of 

PDR donors compared to controls (Zhou et al., 2012). Conversely, a study by Suzuki and 

colleagues (2011) suggested that IL-10 release increases in the vitreous of DR patients compared 
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to controls. A closer look at this study, however, revealed that their recorded IL-10 release values 

for control (30.22 ± 22.84 pg/mL) and PDR (47.52 ± 43.18) patients spread widely with data 

overlap suggesting that there was no significant difference between the two groups. Therefore, our 

results for IL-10 appear to reflect the human disease.  

Table 3.2: Secretion of IL-6, sICAM-1, MCP-1 and IL-8 in response to Peptide5 treatment alone. 

Cytokines (pg/mL) Basal (pg/mL) Peptide5 (pg/mL) Significance 
IL-6 6.83 ± 0.36 6.79 ± 0.59 n.s. 

sICAM-1 1.86 ± 2.66 0 n.s. 
MCP-1 632.91 ± 209.97 204.44 ± 20.74 **** 

IL-8 43.61 ± 34.24 59.98 ± 2.43 n.s. 
VEGF 124.35 ± 22.94 57.59 ± 6.01 n.s. 

n.s. = not significant; ****p ≤ 0.0001 

While this chapter clearly presents the mechanism by which connexin43 hemichannels act in 

inflammation, the use of an in vitro model is limited by its simplicity and inability to reflect the 

complex cell-cell interactions in living tissue. As a result, the next practical step is to replicate these 

findings in an in vivo model and show that Peptide5 is equally effective in treating signs of DR in 

a more complex setting. However, before doing this, it is important to develop an in vivo DR model 

that incorporates both hyperglycaemia and inflammation in a pattern analogous to the human 

disease. Therefore, the next chapter characterises a novel mouse model of DR that specifically 

incorporates inflammation into the retina of diabetic mice. Using this model, the subsequent 

chapter then evaluates the effectiveness of Peptide5 as a prophylactic DR treatment in this model.  
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4 Intravitreal pro-inflammatory cytokines induce 

signs of diabetic retinopathy in non-obese diabetic 

mice 

Mugisho OO, Rupenthal ID, Squirrell DM, Bould SJ, Zhang J, Green CR, Acosta ML (2018) 

Intravitreal pro-inflammatory cytokines induce signs of diabetic retinopathy in non-obese 

diabetic mice. (Submitted for publication) 

4.1 Prologue 

The previous two chapters highlighted the role of connexin43 in the pathology of diabetic 

retinopathy (DR). Particularly, results in Chapter 2 showed that connexin43 expression increases 

in in vitro and in vivo models of DR, in line with findings in human donor retinas. However, while 

the Akimba mouse combines both hyperglycaemia and inflammation and displays features of 

advanced DR, the model is limited by the fact that inflammation precedes hyperglycaemia, a 

sequence that is different from the human condition. As a result, the following chapter reports on 

the development and characterisation of a new in vivo DR model in which inflammatory cytokines 

were introduced to the retina of non-obese diabetic (NOD) mice.  

NOD mice develop type I diabetes due to spontaneous autoimmune destruction of their β-islet cells 

(Robinson et al., 2012). These mice, similar to other hyperglycaemia-only mouse models, do not 

display signs of advanced DR despite showing loss of retinal integrity and perfusion (Lee & Harris, 

2008; Shaw et al., 2006). As a result, the same pro-inflammatory cytokines, IL-1β and TNF-α, used 

in in vitro studies were introduced in a single injection into the vitreous of NOD mice to induce 

ocular inflammation. To accommodate for the change in target species from human cells to mice, 

mouse recombinant IL-1β and TNF-α were used for the in vivo studies. Age and gender of the mice 

were also important as diabetes develops by 12 weeks of age in females but several weeks later in 

males. Therefore, this study used 15-week-old female mice. 

Prior to the main study, a pilot experiment was conducted to determine the optimal concentration 

of cytokines needed to induce DR signs in the retina. The aim was to create vascular changes in 
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both fundus and optical coherence tomography (OCT) images that mimicked the human condition. 

The time-points selected for the pilot study were days 1 and 2.  

The result of the pilot study is presented in Appendix V. Equation 4.1 was used to determine the 

concentration of cytokines needed in the injected solution (C2) in order to achieve the desired 

vitreous concentration (C1). The vitreous volume (V1) was estimated to be 5.4 µL based on 

previous work carried out in our laboratory and the injection volume (V2) was kept to 1 µL in order 

to prevent an increase in intraocular pressure.  

C1 V1 = C2 V2  

The first cytokine concentration trialled was 50 ng/mL per cytokine which resulted in a vitreous 

concentration of approximately 10 ng per cytokine, the same concentration used in in vitro studies 

(Chapters 2 and 3 of this thesis). However, the level of damage at this dose was regarded too mild, 

therefore the cytokine concentration was increased to 100 ng/mL per cytokine, resulting in a 

vitreous concentration of approximately 20 ng per cytokine. However, while the effects seen in 

fundus images were more pronounced with 100 ng/mL of cytokines compared to the lower dose, 

OCT traces revealed no change in the retina at both time-points studied. Accordingly, the cytokine 

concentration was further increased to 500 ng/mL which gave a vitreous concentration of 

approximately 100 ng per cytokine. At 500 ng/mL of cytokines, intra-retinal abnormalities, 

possibly photoreceptor layer disruptions, were observed in OCT traces at 48 h in addition to 

vascular changes in fundus images. As a result, this cytokine concentration was chosen for the 

proposed study.  

Once the cytokine dose had been optimized, the study examined the effect of hyperglycaemia on 

inflammatory events in the retina of non-diabetic and diabetic mice. The results presented in this 

chapter have been submitted for publication. 

4.2 Introduction 

DR is the most common microvascular complication of diabetes leading to vascular breakdown in 

the retina. In 2014, approximately 370 million people suffered from diabetes worldwide (Kahn et 

al., 2014). Remarkably, this number is expected to double by 2030 meaning that 1 in 5 adults will 

suffer from the disease. Therefore, in-depth studies into the pathology of DR are necessary for the 
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development of effective therapeutics that target the underlying cause of the disease. DR is 

primarily a vascular disease characterised by endothelial cell (Mizutani et al., 1996) and pericyte 

loss (Hammes, 2005) as well as blood retinal barrier (BRB) breakdown (Klaassen et al., 2013; 

Wisniewska-Kruk et al., 2014). The loss of vascular integrity occurring in early, non-proliferative 

DR can trigger retinal neovascularisation, the formation of new but leaky blood vessels 

(proliferative DR). Eventually, there is a build-up of fluid within the retina that can affect the 

macula leading to diabetic macular oedema (DME). While the vascular pathology and progression 

associated with DR is well understood, the underlying molecular mechanisms are still enigmatic.  

A key limitation to research on intervention strategies in DR is the lack of comprehensive models 

that mimic advanced stages of the disease. Most models only show early signs of DR without 

developing later signs that are the main cause of vision loss. One possible reason is that most 

models are hyperglycaemia-only models that do not account for the significant role that 

inflammation plays in the development of the disease. It is currently believed that inflammation is 

secondary to and also caused by hyperglycaemia; therefore most of the literature assumes that DR 

is a result of prolonged hyperglycaemia (Losso et al., 2010). However, recent clinical studies have 

shown that there is a correlation between diabetes and intraocular inflammatory diseases of the 

uveal tract such as uveitis suggesting that intraocular inflammation could induce DR (Kheir et al., 

2017; Rottgers & Holdeman, 2009; Takahashi et al., 2011). Furthermore, a recent retrospective 

study found that uveitis occurring in patients with diabetes was associated with severe ocular 

complications and poorer vision (Oswal et al., 2013). These studies taken together support the need 

for in-depth investigation into the relationship between diabetes and intraocular inflammation in 

DR.  

We therefore hypothesized that inflammation can trigger DR in a hyperglycaemic environment and 

experimentally, the introduction of pro-inflammatory cytokines into the vitreous of diabetic mice 

will induce signs of advanced DR. As a result, we investigated the effect of pro-inflammatory 

cytokines, IL-1β and TNF-α, in non-obese diabetic (NOD) mice. NOD mice spontaneously develop 

type I diabetes due to T-cell mediated autoimmune destruction of their β-islet cells (Robinson et 

al., 2012). While some older studies have shown loss of retinal microvasculature and decreased 

retinal perfusion in NOD mice (Lee & Harris, 2008; Shaw et al., 2006), signs of advanced DR have 

not been reported in this model. For this reason, we evaluated the contribution of inflammation to 

the development of proliferative DR assessed by changes in the retina, vitreous and optic nerve. 
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Using in vivo fundus and optical coherence tomography (OCT) imaging in NOD compared to non-

diabetic CD1 mice we determined whether a combination of inflammation and hyperglycaemia 

induces severe pathology in the eye.   

4.3 Methods 

4.3.1 Animals 

Female, 15-week old, non-diabetic CD1 and diabetic NOD mice, derived from Jackson Laboratory 

(Bar Harbor, ME, USA), were used in this study. Animals were born and housed at the Vernon 

Jansen Unit at the University of Auckland under normal cyclic light conditions (12 h light: 12 h 

dark) and had access to food (normal rat chow food) and water ad libitum with no environmental 

enrichment used. All procedures were performed in accordance with the local welfare legislations 

and approved by the University of Auckland Animal Ethics Committee (AE1787 approved on 16 

Sept 2016). Experiments were conducted in mice anaesthetised by an intraperitoneal injection of 

ketamine (50 mg/kg) and domitor (0.5 mg/kg). Following in vivo ocular assessments, mice were 

awakened by an intraperitoneal injection of atipamezole (5 mg/kg). Baseline ocular assessment 

including ocular function was conducted prior to injections. Mice were randomly allocated to either 

the phosphate buffered saline (PBS) or pro-inflammatory cytokine groups. Twelve eyes (6 mice) 

from each mouse strain were intravitreally injected with pro-inflammatory cytokines and six eyes 

(3 mice) from each mouse strain received intravitreal PBS injections and were used as controls. 

4.3.2 Length, weight and body mass index (BMI) determination 

Mice were weighed before and 1, 2, and 7 days after intravitreal injection. Weight measurements 

were performed consistently at the same time of the day. The mouse length was measured from the 

tip of the snout to the base of the tail using a ruler. The body mass index (BMI) was calculated by 

dividing the mass of the mouse (g) by the square of the animal length (mm2).  

4.3.3 Non-fasting blood glucose determination 

Non-fasting blood glucose levels were determined immediately after anaesthesia. A 25G needle 

(BD Bioscience, CA, USA) was used to prick the lateral tail vein. Blood glucose measurements 

were carried out using a glucose meter (Freestyle Optium H Glucometer, UK) and test strips 

(FreeStyle Optium, UK). Readings above the upper limit of the equipment (27.8 mmol/L) were 
 

Page 82 
 



Chapter 4: Intravitreal pro-inflammatory cytokines induce signs of diabetic retinopathy in non-obese diabetic mice 
 

treated as 27.8 mmol/L during data analysis. After collection of the blood sample pressure was 

applied for a few seconds to the tail until bleeding stopped.  

4.3.4 Intravitreal injection of pro-inflammatory cytokines 

Mouse recombinant IL-1β (#RMIL1BI, Thermo Fisher Scientific, MA, USA) and mouse 

recombinant TNF-α (#RMTNFAI, Thermo Fisher Scientific) were intravitreally injected into both 

eyes of CD1 (non-diabetic) and NOD (diabetic) mice. A pilot study with three different cytokine 

concentrations (50, 100 and 500 ng/mL per cytokine) was carried out prior to this study to 

determine the optimum cytokine dose required to elicit moderate ocular effects. Control animals 

received an intravitreal injection of PBS. A volume of 1 µL of cytokines at a concentration of 500 

ng/mL each was injected into the vitreous using a 10 µL Hamilton syringe attached to a 30G ½″ 

needle (Terumo Medical Corporation, NJ, USA). Injections were performed under a dissection 

microscope to visualise the needle and avoid damage to the lens during injection. The injection 

was consistently performed on the temporal side immediately posterior to the limbus at the corneal-

scleral intersection.  

4.3.5 Fundoscopy and Optical Coherence Tomography (OCT) imaging 

Mice were anaesthetised and pupils were dilated with 1% tropicamide (Minims, UK). The cornea 

was kept moist using a lubricating eye gel (GenTeal® Gel; Alcon, Switzerland) and the  Micron IV 

imaging system (Phoenix Research Labs; USA) was used to obtain both fundus and image-guided 

OCT images before (day 0) as well as on day 2 and 7 after intravitreal cytokine injection. Vessel 

dilation and beading were assessed from fundus images. Vessel dilation was qualitatively defined 

as an increase in vessel diameter compared to day 0, before treatment. Vessel beading was 

qualitatively defined as the presence of inconsistent vascular tone within a blood vessel compared 

to day 0. The researcher was masked to the strain and treatment received in order to reduce any 

bias. OCT images were also taken from the periphery of the eye cup, where lesions mostly occur 
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in the human condition (Silva et al., 2015). Representative images of central and peripheral retina 

(five superiorly and three inferiorly to the ONH) spanning nasal and temporal regions were taken. 

4.3.6 Assessment of vitreous and retinal hyper-reflective foci (HRF) and severity grade 

Hyper-reflective foci (HRF) observed in OCT scans of the retina and vitreous of human patients 

represent migratory inflammatory infiltrating cells (Korot et al., 2016). In a masked experiment, 

one of the researchers qualitatively assessed OCT images obtained from all mice to evaluate the 

presence of HRF from day 0 through to day 7. The OCT images were obtained in a predetermined 

raster sequence with each OCT image being spaced 0.25mm apart. The raster pattern used thus 

generated five OCT images located superior to the ONH, one located on the ONH and three inferior 

to the ONH.  Each eye was scanned on three separate days (day 0, day 2 and day 7) giving a total 

of 27 OCT scans in control, NOD, PBS and cytokine injected animals. The presence of HRF in the 

vitreous was assessed against a pre-determined severity scale outlined in Figure 4.5.  A severity 

grade for each eye was allocated if signs were seen in at least four out of the nine OCT images. 

The severity of vitreous HRF was measured as integrated vitreous HRF ranking which was 

determined by multiplying the vitreous HRF grade by the total number of eyes with vitreous HRF 

within the group. The presence of intra-retinal HRF were also noted but not graded from OCT 

scans. 

4.3.7 Calculation of retinal thickness from OCT images 

The thickness of retinal layers was measured from OCT images between the nerve fibre layer 

(NFL) and the choroid using the ‘draw line’ and ‘measure’ functions in ImageJ software version 

1.46r (National Institutes of Health, Rockville, MD, USA). Due to the nature of OCT imaging in 

mice, it was difficult to differentiate between NFL, GCL and IPL, therefore, all three layers were 

quantified together as indicated in Figure 4.1B. Layer thicknesses were acquired from OCT images 

taken consistently approximately 0.25 mm superiorly to the ONH (red line; Figure 4.1A). Five 

measurements were obtained across the OCT image and averaged for each of the six PBS-injected 

and twelve cytokine-treated NOD eyes. The researcher was masked to the strain used during OCT 

thickness measurements to reduce any bias. 
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Figure 4.1: Fundus and OCT images highlighting areas of quantification. 

(A) Fundus image showing the position (red line) at which OCT scans were taken to quantify retinal layers. (B) OCT 

image obtained from the position indicated by the red line in (A), showing the different retinal layers that were 

quantified. (C) Pseudo-colour OCT image showing the log of the backscattered light intensity. Fluid-filled areas and 

blood vessel shadows appear hypo-reflective and therefore black in colour OCT images while cell-dense and hyper-

reflective areas range in colour from blue to red. NFL = Nerve fibre layer; GCL = Ganglion cell layer; IPL = Inner 

plexiform layer; INL = Inner nuclear layer; OPL = Outer plexiform layer; ONL = Outer nuclear layer; IS/OS = Inner 

segment/outer segment. 

4.3.8 Immunohistochemistry and image analysis 

Tissues were collected following CO2 asphyxiation and the eyes with attached optic nerves 

removed immediately and fixed in 4% paraformaldehyde in PBS for 1 h. The tissues were then 

washed in 0.1 M PBS and passed through 10, 20 and 30 % sucrose solutions before embedding in 

optimal cutting temperature medium (Sakura, The Netherlands). Sagittal 12 µm thick cryosections 

of the retina and longitudinal 12 µm thick sections of the optic nerve were mounted onto glass 

slides. Slides were rinsed in PBS before blocking tissue sections with 10 % normal goat serum and 

0.1 % TritonX-100 in PBS for 1 h at room temperature. Primary and secondary antibodies were 

diluted in the blocking solution. Sections were subsequently incubated overnight at 4 °C with anti-

Iba1 (goat polyclonal Iba1; #ab178846; 1:100; Abcam, Cambridge, UK) and anti-GFAP-Cy3 used 

as a marker for astrocytes and hyper-reactive Müller cells (mouse monoclonal GFAP; 1:1000; 

C9205; St. Louis, MO, USA) [34]. Sections were then washed in PBS and incubated at room 

temperature for 2 h in donkey anti-goat Alexa-488 (1:500; Jackson Immuno Research, West Grove, 
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PA, USA). Secondary antibody only controls showed no non-specific staining (Appendix VI). 

Nuclei were stained using DAPI (1 µg/mL; D9542; Sigma-Aldrich). Sections were washed and 

mounted using anti-fade reagent (CitifluorTM; Electron Miscoscopy Sciences, Hatfield, PA, USA) 

and coverslips were sealed with nail polish.  

All images were taken with an Olympus FV1000 confocal laser scanning microscope (Olympus, 

Japan) and processed using FV-10 ASW 3.0 Viewer and the ImageJ software. Three images were 

taken per eye. Using ImageJ, each image was split into its RGB channels with GFAP in the red, 

Iba1 in the green, and DAPI in the blue channel. For GFAP immunohistochemical analysis, ImageJ 

was used to quantify the integrated density (area covered by GFAP labelling × mean grey value) 

within the optic nerve image. The researcher was masked to the mice strain used during GFAP and 

Iba1 immunofluorescence quantification in order to reduce any bias. 

4.3.9 Statistical analysis 

All data are given as arithmetic mean + SEM. All statistical comparisons were performed using 

Student’s t-test, one-way or two-way ANOVA with post hoc Tukey’s test to reduce any bias 

associated with multiple comparisons. The statistical test used is outlined in each figure legend. p 

< 0.05 was considered to indicate a statistically significant difference. All statistical analysis was 

performed in GraphPad Prism 6. 

4.4 Results 

4.4.1 Physical comparison of mouse lines 

At 15 weeks, NOD mice were smaller than CD1 mice (Figure 4.2A) with NOD mice weighing 

approximately 10 g less than CD1 mice of the same age (p < 0.0001; Figure 4.2B) and being 

approximately 10 mm shorter in length (p < 0.0001). Despite the difference in weight between the 

two mouse strains, CD1 mice had significantly higher BMI compared to NOD mice (p = 0.0279).  

The diabetic state of NOD mice was confirmed using a glucose blood test that showed they had 

significantly higher blood glucose levels than non-diabetic CD1 mice (p = 0.0120). It is important 

to note that the blood glucose levels in the NOD group was likely an underestimate as readings 

above 27.8 mmol/L were taken as 27.8 mmol/L.  
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4.4.2 There were no baseline differences in retinal integrity and thickness between the two 
mouse lines  

Baseline fundus and OCT images from both mouse strains were obtained with representative 

images shown in Figure 4.3. A comparison of the fundus images (top panel) revealed no obvious 

differences in retinal macrovascular integrity. Furthermore, OCT images (bottom panel) showed 

no obvious lesions within the retinal layers. In addition to the qualitative assessment of retinal 

integrity in fundus and OCT images, the thickness of each retinal layer was measured on OCT 

images and there was no significant difference in the thickness of any of the retinal layers at 

baseline (Figure 4.3B).  

 

Figure 4.2: Physical characterisation of CD1 and NOD mice. 

(A) NOD and CD1 mice showing that NOD mice were generally smaller than CD1 mice. (B) A comparison of mass, 

length, BMI and blood glucose showed that NOD mice were smaller in mass and length (p < 0.0001 for both) and had 

a significantly lower BMI (p = 0.0279) compared to CD1 mice. However, NOD mice had higher blood glucose levels 

than CD1 mice (p = 0.0120). Results are expressed as mean + SEM. Statistical comparisons between NOD and CD1 

were carried out using student t-test. *p ≤ 0.05; ****p ≤ 0.0001; n = 12 eyes per strain. 
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4.4.3 Intravitreal pro-inflammatory cytokine-induced macrovascular pathology was 

worse in NOD than in CD1 mice 

Pro-inflammatory cytokines, IL-1β and TNF-α, were introduced into the vitreous of both mouse 

strains and ocular assessments were carried out before injection (day 0) as well as 2 and 7 days 

after injection. Fundus images showed an increase in vessel dilation in both cytokine treated mouse 

strains (yellow arrows; Figure 4.4A). However, the proportion of eyes showing vessel dilation at 

day 2 was higher in cytokine-treated NOD (66.7 %) compared to cytokine-treated CD1 (33.3 %) 

mice (Figure 4.4B).  

 

Figure 4.3: Retinal integrity and thickness in CD1 and NOD mice 

(A) Fundus (top) and OCT (bottom) images of CD1 and NOD mouse retinas showed no difference in retinal 

vasculature and overall integrity between the two mouse lines. (B) Retinal layer thickness measurements were obtained 

from the OCT images and showed no differences between NOD and CD1 mice. Results are expressed as mean + SEM. 

Statistical analysis was carried out using a two-way ANOVA with Tukey’s test for multiple comparisons; n = 12 eyes 

per strain. 
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Furthermore, fundus images revealed an increase in vessel beading in cytokine-treated NOD mice 

only (red arrows; Figure 4.4A). While there was some baseline vessel beading at day 0 (8.3 %), 

cytokines increased the proportion of NOD eyes with vessel beading at day 2 (33.3 %) and day 7 

(41.67 %) post-injection (Figure 4.4C). 

 

Figure 4.4: Pro-inflammatory cytokine-induced macrovascular pathology in CD1 and NOD mice. 

(A) Fundus images showing macrovascular changes in pro-inflammatory cytokine-treated CD1 and NOD mice. Vessel 

dilation increased in both CD1 and NOD mice at day 2 (yellow arrows). (B) The proportion of eyes with vessel dilation 

was higher in NOD mice at day 2 but not day 7 compared to CD1 mice. (C) Vessel beading was only seen in NOD 

mice (red arrows; a) with the proportion of NOD mouse eyes with vessel beading increasing over time after cytokine 

injection. 
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4.4.4 Intravitreal pro-inflammatory cytokine-induced vitreous HRF were worse in NOD 
compared to CD1 mice 

Both fundus and OCT images revealed the presence of vitreous HRF in both pro-inflammatory 

cytokine injected mouse strains (Figure 4.6A). In order to assess the severity of the vitreous HRF, 

a grading scale was developed (Figure 4.5). Grade 0 represents the presence of no or very few (less 

than 5) HRF in the vitreous OCT image with no impact on the corresponding fundus image. In 

grade 1, the area of HRF in the vitreous is two times bigger than in grade 0 with again no changes 

seen in the fundus. Grade 2 represents increased clumping of HRF that create a ‘window effect’ 

(OCT shadow over the retina) and obstructs less than 25 % of the fundus and OCT images. Grade 

3 is considered to be clumping of HRF with more than 25 % of a window effect in both fundus and 

OCT images. 

The proportion of cytokine-treated NOD eyes with vitreous HRF was higher than in cytokine-

treated CD1 mice across all time-points studied (Figure 4.6B). Based on the grading scale (Figure 

4.5), there was an increase in vitreous HRF severity in cytokine-treated NOD mice at day 2 (p < 

0.0001) and day 7 (p = 0.0001) compared to day 0. However, there was no statistically significant 

differences in vitreous HRF severity over time in cytokine-treated CD1 mice. More importantly, 

the severity of vitreous HRF was higher in NOD compared to CD1 mice at day 2 (p = 0.0012) and 

day 7 (p = 0.0428) post-cytokine injection.  

 

Figure 4.5: Grading of vitreous HRF based on fundus and OCT images.  

Grade 0 was characterised by no or very few HRF. Grade 1 showed significantly more HRF in the vitreous (red arrows) 

seen in OCT image only. Grade 2 and 3 were characterised by clumping of vitreous HRF (red circles) creating a 

‘window effect’ that obstructed the view of the underlying retina in both fundus and OCT images. Vitreous HRF were 

classified as grade 2 if HRF formed clumps occupying up to 25% of the fundus and OCT image area and grade 3 refers 

to HRF clumps in more than 25% of the OCT image. 
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Figure 4.6: Pro-inflammatory cytokine-induced vitreous hyper-reflective foci in CD1 and NOD mice. 

 (A) Fundus and OCT images showed that vitreous HRF were present in pro-inflammatory cytokine-treated CD1 and 

NOD mice, but were more pronounced in NOD than in CD1 mice. (B) The vitreous HRF grading scale was used to 

assess severity between both mouse lines. There was no statistically significant change in severity over time in CD1 

mice. However, there was a statistically significant increase in HRF severity in NOD mice at day 2 (p < 0.0001) and 

day 7 (p = 0.0001) compared to day 0. Moreover, the vitreous HRF severity in cytokine-treated NOD on day 2 (p = 

0.0012) and day 7 (p = 0.0428) was significantly higher than in cytokine-treated CD1 eyes. Results are expressed as 

mean + SEM. Statistical comparisons were carried out using two-way ANOVA with Tukey’s multiple comparisons 

test. # denotes statistically significant differences with day 0. ### p ≤ 0.001; #### p ≤ 0.0001. * denotes significant 

differences between CD1 + Cytokines and NOD + Cytokines. *p ≤ 0.05; **p ≤ 0.01. n = 12 eyes per strain.  
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4.4.5 Intravitreal pro-inflammatory cytokines induced retinal HRF in NOD mice 

OCT images revealed that retinal HRF were present only in cytokine-treated NOD mice (Figure 

4.7A). Three different classes of retinal HRF, observed within the ONL (red arrows, Figure 4.7A), 

are defined in Table 4.1. In class I, the retinal HRF were small, located in the IS/OS layer and did 

not distort any overlaying layers.  By day 7, class I retinal HRF resolved leaving behind no obvious 

pathologies. In class II, retinal HRF were much larger located in the ONL and distorted the 

overlaying OPL but with no obvious changes to layers in inner retina. By day 7, class II HRF were 

no longer visible but were replaced by sub-retinal fluid that accumulated between the IS/OS layer 

and the RPE (white arrows; Figure 4.7B). Class III HRF were columnar in shape, occupied the 

ONL, and extended to the OPL. By day 7, class III HRF had grown breaching the OPL and 

extending into the INL and IPL, and were associated with numerous smaller HRF in inner retina 

and vitreous.  

 

Figure 4.7: Pro-inflammatory cytokine-induced intra-retinal hyper-reflective foci in CD1 and NOD mice. 

 (A) Different classes of intra-retinal HRF (red arrows) were observed within the ONL in pro-inflammatory cytokine-

treated NOD mouse retinas. The ONH is indicated by asterisks. Sub-retinal fluid is indicated by white arrows. (B) A 

pseudo-colour OCT image of the class II seen in (A) showing the hypo-reflective regions of sub-retinal fluid deposition 

between the IS/OS layers and the RPE (white arrows).  
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Table 4.1: Description of the different classes of hyper-reflective foci in cytokine-treated NOD mice. 

Classes 
Description 

Day 2 Day 7 

Class I HRF can be seen in the IS/OS HRF disappear 

Class II HRF can be seen within the IS/OS and 
ONL that distorts the overlaying OPL 

HRF disappear but are replaced by sub-
retinal fluid 

Class III Columnar HRF can be seen within the 
ONL that distorts the overlaying OPL 

Columnar HRF remain and extend into the 
inner retinal layers 

4.4.6 Intravitreal pro-inflammatory cytokine-induced thickening of the NFL, GCL and 

IPL was worse in NOD compared to CD1 mice 

Changes in retinal thickness were quantitatively assessed from OCT images (Figure 8). There was 

no change in retinal thickness in CD1 mice following intravitreal cytokine administration. 

However, a change in layer thickness was seen in NOD mice but only in the NFL-GCL-IPL 

following intravitreal cytokine administration. On day 2, there was a significant increase in the 

NFL-GCL-IPL thickness in cytokine-treated NOD mice compared to baseline (p = 0.0025) and 

cytokine-treated CD1 mice on day 2 (p = 0.0188). At day 7, cytokines also induced thicker NFL-

GCL-IPL in NOD compared to CD1 mice (p = 0.0410). The terminal deoxynucleotidyl transferase-

mediated dUTP-biotin nick-end labelling (TUNEL) apoptosis assay revealed that the increase in 

layer thickness did not correlate with a reduction in other retinal areas as no cell death was observed 

in either cytokine-treated CD1 or NOD mice (data not shown). Furthermore, histological analysis 

(H&E) revealed that the majority of thickness increase was due to swelling in the IPL. 
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Figure 4.8: Pro-inflammatory cytokine-induced changes in retinal layer thickness in CD1 and NOD mice.  

Retinal layer thickness was quantified from OCT images and expressed as a percentage of the baseline thickness. The 

thickness of the NFL-GCL-IPL increased over time in cytokine-treated NOD mice and this increase was significant at 

day 2 compared to NOD baseline (p = 0.0025) and CD1 mice at day 2 (p = 0.0188). At day 7, cytokine-treated NOD 

mice also showed thicker NFL-GCL-IPL compared to cytokine-treated CD1 mice (p = 0.0410). Results are expressed 

as mean + SEM. Statistical comparisons were carried out using two-way ANOVA with Tukey’s multiple comparisons 

test. * used for comparison between CD1 + cytokines and NOD + cytokines; # used for comparison between day 2 and 

baseline; *p ≤ 0.05; ##p ≤ 0.01. n = 12 eyes per strain. 
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4.4.7 Intravitreal pro-inflammatory cytokine-induced GFAP over-expression in retina 

was worse in NOD compared to CD1 mice  

GFAP was used as a marker of glial reactivity following intravitreal administration of either PBS 

or pro-inflammatory cytokines (Figure 4.9A). Results showed that GFAP expression was restricted 

to the GCL in both PBS-treated CD1 and NOD mice. At 7 days post-injection, cytokine-treated 

CD1 mice showed an increase in GFAP expression spanning into the IPL. Cytokine-treated NOD 

mice, on the other hand, showed higher GFAP labelling spanning all the way from the GCL to the 

ONL. 

4.4.8 Intravitreal pro-inflammatory cytokine-induced infiltration of Iba1-positive cells 

into the ONL was seen in NOD but not CD1 mice  

Iba1-positive cells were present in the GCL, IPL and OPL of all groups except PBS-treated CD1 

mice (Figure 4.9B). However, in the cytokine-treated NOD mice, infiltration of Iba1-positive cells 

into the ONL was increased. Furthermore, results showed that Iba1-positive cells were absent in 

the choroid of PBS-treated CD1 and NOD mice. On the contrary, Iba1-positive cells were observed 

in the choroid of CD1 and NOD mice exposed to intravitreal pro-inflammatory cytokines, though 

there was no obvious difference between the two groups. 

4.4.9 Intravitreal pro-inflammatory cytokines increased GFAP expression and process-

containing Iba1-positive cells in the optic nerve of NOD but not CD1 mice  

GFAP was also expressed by astrocytic cells in the optic nerve (Figure 4.10A) with no difference 

between PBS and cytokine-treated CD1 mice. However, cytokine-treated NOD mice showed 

significantly higher GFAP expression in the optic nerve relative to both PBS-treated NOD (p < 

0.0001) and cytokine-treated CD1 mice (p = 0.0003) (Figure 4.10B). Iba1-positive cells were also 

seen in the optic nerve with the shape different in cytokine-treated groups (Figure 4.10C). The optic 

nerve of cytokine-treated CD1 and NOD mice contained iba1-positive cells with long extended 

processes (white arrows; Figure 4.10C) compared to PBS-treated controls where the cells looked 

small and condensed.  
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Figure 4.9: Pro-inflammatory cytokine-induced changes in retinal expression of GFAP and iba-1 in CD1 

and NOD mice. 

(A) Immunohistochemical images showing GFAP expression in saline- or cytokine-treated CD1 and NOD mice. 

GFAP labelling was evident only within the GCL in saline-treated CD1 and NOD mouse retinas. In cytokine-

treated CD1 retinas, GFAP expression was seen in the GCL but also extended to the IPL. Cytokine-treated NOD 

retinas, on the other hand, showed GFAP expression extending from the GCL to the ONL. As in OCT analysis, 

retinal layers of the cytokine-treated NOD mice appeared much thicker than retinas of other treatment groups. (B) 

Immunohistochemical images showing the presence of Iba1-positive cells within the GCL, IPL, and IPL in 

cytokine-treated CD1 as well as saline- and cytokine-treated NOD mice (white arrows). Moreover, cytokine-

treated NOD mice showed Iba1-positive cells (red arrows) within the ONL which was not observed in other 

groups. Iba1-positive cells were absent in the choroid of saline-treated CD1 and NOD mice. However, Iba1-

positive cells were observed in the choroid of cytokine-treated CD1 and NOD mice as indicated by the white 

arrows. GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL = Outer plexiform 

layer; ONL = Outer nuclear layer; IS/OS = Inner segment/outer segment; RPE = retinal pigment epithelium. Scale 

bar: 25 µm. 
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Figure 4.10: Pro-inflammatory cytokine-induced changes in retinal expression of GFAP and iba-1 in CD1 

and NOD mice. 

(A) Immunohistochemical images showing GFAP expression in the optic nerve in saline- or cytokine-treated CD1 

and NOD mice. GFAP labelling was evident in all treatment groups but appeared highest in the cytokine-treated 

NOD mice. (B) Quantification of the integrated density of GFAP in the optic nerve of saline- and cytokine-treated 

CD1 and NOD mice revealed that GFAP expression was higher in cytokine-treated compared to saline-treated 

NOD (p < 0.0001) and cytokine-treated CD1 mice (p = 0.0003). (C) Immunohistochemical images showing the 

presence of Iba1-positive cells within the optic nerve in all treatment groups. Compared to saline-treated groups, 

Iba1-positive cells in the cytokine-treated eyes displayed long, extended cellular processes (white arrows). White 

boxes in the top row have been zoomed in to highlight the differences in Iba1-positive cells. Statistical comparisons 

were carried out using two-way ANOVA with Tukey’s multiple comparisons test. Scale bar: 25 µm. Data 

presented as mean + SEM. **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. n = 6 eyes for saline treated groups. n = 12 

eyes for cytokine-treated groups. 
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4.5 Discussion 

Clinically, DR is associated with endothelial cell death, pericyte loss, BRB breakdown, intra-

retinal microvascular abnormalities, retinal and optic nerve neovascularisation and macular 

oedema (Das et al., 2015; Li et al., 1997; Madsen-Bouterse & Kowluru, 2008; McLenachan et 

al., 2015; Mizutani et al., 1996; Stefanini et al., 2014). Most animal models of DR do not 

represent these clinical signs. However, in this study, we have shown that a single intravitreal 

injection of pro-inflammatory cytokines, IL-1β and TNF-α, is sufficient to induce signs of DR 

in NOD mice. Prior to the intravitreal cytokine injection, we conducted baseline assessments 

of both non-diabetic CD1 and NOD mice with the CD1 mice being significantly larger and 

heavier than the NOD mice. However, this result is not surprising as it has previously been 

reported that diabetic mice, particularly type 1, tend to weigh less than their non-diabetic 

controls due to their metabolic imbalance (Masser et al., 2017). Additionally, as expected, NOD 

had higher blood glucose levels compared to CD1 mice. Nonetheless, despite being 

hyperglycaemic, NOD mice showed no significant difference in retinal thickness and vascular 

integrity compared to the CD1 mice at baseline. This is in line with studies that suggest that 

NOD mice only show subtle changes in retinal vascularisation but do not display signs of 

advanced DR normally visible during fundus and OCT examinations in humans (Lee & Harris, 

2008; Shaw et al., 2006).  

We tested the hypothesis that inflammation and hyperglycaemia in combination can induce 

ocular lesions resembling signs of DR by injecting cytokines intravitreally into diabetic mice. 

Interestingly, despite receiving the same dose of cytokines, CD1 mice did not show as many of 

the signs seen in NOD mice. The ocular signs observed in CD1 mice included vessel dilation, 

vitreous HRF (average integrated vitreous HRF severity of 1 on day 7), retinal and optic nerve 

astrogliosis and microgliosis (Table 4.2). While these are signs seen in DR, they are not unique 

to the condition and can also be observed in other intraocular inflammatory diseases such as 

uveitis (Chan et al., 1990) and glaucoma (Yuan & Neufeld, 2001). For instance, glaucoma is 

associated with pronounced ONH inflammation, astrogliosis and microglial activation (Yuan 

& Neufeld, 2001). As expected, introduction of cytokines into the vitreous induced vitreous 

inflammation (vitritis) and evoked an inflammatory response in surrounding ocular tissues. This 

is in line with a study conducted by Ferrick et al. (1991) were ocular inflammation was 

stimulated by intravitreal IL-8 and IL-1 injection in rats.  
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The pro-inflammatory cytokines had a more severe effect on the ocular tissues of diabetic NOD 

mice. The signs observed in NOD mice included vessel dilation and beading, vitreous HRF 

(average integrated vitreous HRF severity of 9 on day 7), retinal HRF, sub-retinal fluid 

accumulation, increased NFL-GCL-IPL thickness, retinal and optic nerve astrogliosis and 

microgliosis (Table 4.2). These are all signs that have been reported in patients with severe or 

proliferative DR as referenced in Table 2. Pronounced vessel dilation and beading, both of 

which were prominent in cytokine-treated NOD mice, are characteristic signs of pericyte cell 

loss, endothelial cell death, and BRB breakdown (Coscas et al., 2017). Furthermore, vitreous 

HRF, also known as vitreous inflammatory cells, have been reported in patients with severe 

proliferative DR (Mizukami et al., 2017; Urbancic et al., 2013). The authors of these studies, 

and others, believe that the presence of HRF within the vitreous reflects the infiltration of 

immune cells such as leukocytes, contributing to vascular breakdown and endothelial cell 

damage (Joussen et al., 2001; Urbancic et al., 2013). The fact that macrophage infiltration is 

increased following cytokine injection in the present study also supports the notion of immune 

cell involvement in the pathogenesis of the disease. While vitreous HRF were seen in both NOD 

and CD1 mice, we found that the total proportion of eyes with vitreous HRF as well as the 

severity were much higher in diabetic NOD compared to the non-diabetic CD1 mice. This 

suggests that the signs observed are not simply a result of inflammation but reflect an interplay 

between inflammation and hyperglycaemia together which may be important in the 

development of microvascular complications that arise in diabetic patients.  

Unlike vitreous HRF, retinal HRF were only observed in NOD mice. These were divided into 

three classes based on their morphology and the resulting pathology on day 7. Interestingly, the 

most common class of retinal HRF, Class II, resulted in deposition of fluid between the IS/OS 

and the RPE. This is significant as retinal oedema is a classic sign of advanced DR (Ferris & 

Patz, 1984). In humans, the oedema usually occurs at the macula, the area critical to high quality 

visual functioning. However, rodents lack a macula; therefore oedema was observed throughout 

the retina instead from the periphery to areas around the ONH. In addition to sub-retinal fluid 

accumulation, there was a thickening of the IPL that suggests oedema within Müller cells 

(Frydkjaer-Olsen et al., 2017). More studies are required, however, to confirm this hypothesis 

and its significance for the disease progression.  
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Table 4.2: Summary of findings from the present study and supporting clinical evidence from DR studies 

Pathologies 

Summary of results 
from present study 

 
Supporting evidence from clinical 

studies 
CD1 NOD 

Vessel dilation + ++ (Coscas et al., 2017) 
Vessel beading - + (Coscas et al., 2017) 

Vitreous HRF + ++ (Korot et al., 2016; Mizukami et al., 
2017; Urbancic et al., 2013) 

Retinal HRF - + (Bolz et al., 2009; Song & Wong, 
2014) 

Sub-retinal fluid - + (Kim, Smith, et al., 2006) 
Thickening of inner 

retinal layers - + (Frydkjaer-Olsen et al., 2017; Kida 
et al., 2017) 

Gliosis and microglia 
activation + + (El-Asrar, 2012; Liu et al., 2012; 

Tang & Kern, 2011) 
Optic nerve  

astrocytosis and 
microglia activation 

+ ++ (Renner et al., 2017) 

- indicates absence of pathology; + indicates presence of pathology; ++ indicates higher levels of pathology. 

Increased GFAP expression has long been used as a marker of retinal astrogliosis in models of 

DR (Feit-Leichman et al., 2005; Fletcher et al., 2007; Mizutani et al., 1998; Rungger–Brändle 

et al., 2000). Not surprisingly, we found increased GFAP expression in both NOD and CD1 

mice following cytokine injection, suggesting that the cytokine insult induced retinal stress in 

both mouse strains. However, the cytokine effect on GFAP expression was more pronounced 

in NOD than in CD1 mice. The increase in GFAP was not restricted to the inner retina alone 

but was also seen in the ONH with statistically higher GFAP labelling seen in cytokine-treated 

NOD mice compared to all other groups.  

Previous studies on DR models incorporating hyperglycaemia and inflammation have shown 

that signs of DR are pronounced or accelerated in the presence of inflammation in diabetic 

rodents (Liao et al., 2017; Rakoczy et al., 2010). Therefore, the present study supports the 

growing literature evidence that inflammation is important for the development and not just the 

progression of DR. This is further supported by studies showing that intraocular inflammatory 

diseases are linked to DR in diabetic patients (Kheir et al., 2017). Accordingly, while it is 

generally accepted that prolonged diabetes is associated with increased inflammation leading 

to DR, it is also possible that new or existing inflammatory conditions can accelerate the 
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development of DR. This could be particularly important in understanding the reason why there 

are large variations in the time between the onset of diabetes and development of DR in the 

overall population.  

In conclusion, the present study provides evidence for a significant role of hyperglycaemia and 

inflammation acting in combination in DR as well as an understanding of the role of 

inflammation in the development of the disease. Such a holistic mouse model of DR provides 

an opportunity to further study the molecular basis of the disease in order to understand the 

exact contribution of hyperglycaemia and inflammation. In addition, while the present study 

focused on the eye, it is plausible that a similar interplay between hyperglycaemia and 

inflammation occurs in other microvascular complications of diabetes such as nephropathy and 

neuropathy. 

4.6 Epilogue 

This chapter presented in vivo evidence in support of findings in Chapters 2 and 3 that 

hyperglycaemia and inflammation together can result in the development of DR signs. 

Particularly, the findings suggested that intra-retinal vascular abnormalities develop only in 

diabetic mice when ocular inflammation is stimulated. Results from Chapter 3 indicated that 

connexin43 hemichannels play a role in hyperglycaemia- and inflammation-mediated cellular 

pathology and that blocking connexin43 hemichannels using Peptide5 could be effective in 

treating these pathologies. As a result, the subsequent chapter will investigate Peptide5 

effectiveness in preventing signs of DR in the cytokine-injected NOD mouse model.
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5 Connexin43 hemichannel block protects against 
the development of diabetic retinopathy in a 

mouse model of the disease 
 

Mugisho OO, Green CR, Squirell DS, Bould SJ, Zhang J, Acosta ML, Rupenthal ID, 

Connexin43 hemichannel block protects against the development of diabetic retinopathy in a 

mouse model of the disease (Submitted for publication).  

 

5.1 Prologue 

Results from Chapter 2 showed that connexin43 expression increases in human donor retinas 

with confirmed diabetic retinopathy (DR) diagnosis and that this expression pattern is present 

in vivo only when hyperglycaemic and inflammatory processes are combined (Akimba mouse). 

Chapter 3 presented in vitro evidence in support of the importance of hyperglycaemia and 

inflammation in DR. Furthermore, this chapter showed that connexin43, in the form of 

hemichannel opening, acts through activation of inflammasome proteins to induce DR signs. 

However, as this was a cell culture model, it was simplistic in its view of the disease mechanism. 

Therefore, a more comprehensive view was required to understand the role of connexin43 

hemichannels in DR.  

As a result, a novel DR mouse model was established in Chapter 4 as the Akimba mouse does 

not display the sequence of DR development seen in the human condition with inflammation 

preceding hyperglycaemia. This new model was found to display several signs of advanced DR 

making it ideal to study the role of connexin43 hemichannels in the disease. As a result, the aim 

of this chapter is to provide in vivo evidence for the role of connexin43 in DR and determine 

whether connexin43 hemichannel block can prevent DR signs in a mouse model of the disease.  

The work presented in this chapter has been submitted for publication.  

5.2 Introduction 

Diabetic retinopathy (DR) is a chronic vascular disease of the retina and is the most common 

cause of vision loss in the working age population. DR is characterized by the development of 

retinovascular pathologies such as microaneurysms, ischaemia, haemorrhages, and 
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neovascularization which can result in tractional retinal detachment and diabetic macular 

oedema (DME). The standard treatments for DR, laser photocoagulation and anti-vascular 

endothelial growth factor (anti-VEGF) therapies, target these vascular pathologies, although 

there is growing evidence suggesting that DR is also associated with inflammation due to 

secretion of pro-inflammatory molecules (Abu el Asrar et al., 1992; Tang & Kern, 2011; Zhou 

et al., 2012). The use of anti-VEGF agents has been correlated with increased development of 

geographic atrophy (Gemenetzi et al., 2017; Grunwald et al., 2014; Martin et al., 2012), a 

significant decrease in choroidal thickness in human trials (Grunwald et al., 2014), and a dose 

dependent loss of retinal ganglion cells in rats (Nishijima et al., 2007). This may be due to off 

target drug action on healthy blood vessels in the retina leading to more extensive ischaemia. 

The need for alternative treatment methods is especially important for DR where (initially often 

younger) patients are likely to be treated over many years. Ideally, the targeting of a common 

upstream mechanism in the inflammatory cascade to allow restoration of vascular integrity 

would be highly beneficial, rather than depending upon the treatment of late stage signs.  

Recent studies have shown that connexin43, a cell-cell communication channel (gap junction) 

forming protein, may play a vital role in inflammatory, vascular diseases such as DR (Mori et 

al., 2006; Oviedo-Orta et al., 2013; Qiu et al., 2003). Gap junctions are made of two connexons, 

or hemichannels, one contributed by each of the neighbouring cells. There are 20 connexin 

isoforms in the human genome, but connexin43 is the most ubiquitous and in the retina is 

expressed by astrocytes, microglia, Müller cells, retinal pigment epithelium and vascular 

endothelial cells (for review see (Danesh-Meyer et al., 2016)). Multiple cell-cell channels 

aggregate into a gap junction plaque. Whilst undocked hemichannels may have some 

physiological roles, they must remain primarily closed or they form a pathological pore, 

exposing the cell cytoplasm to the extracellular milieu (for review see (Leybaert et al., 2017)). 

Previous studies have revealed that pronounced inflammation and loss of vascular integrity in 

chronic vascular diseases are mediated by uncontrolled and pathological connexin43 

hemichannel opening (Danesh-Meyer et al., 2012). In central nervous system injury, not only 

is connexin43 commonly upregulated (Willebrords et al., 2016), but both an increase in 

connexin43 expression and hemichannel opening aggravates inflammation (Bennett et al., 

2012; Decrock et al., 2015; Kim et al., 2016; Willebrords et al., 2016), vascular leak and oedema 

(De Bock et al., 2011; O'Carroll et al., 2008; Wang et al., 2013), as well as gliosis and neuronal 

loss (Danesh-Meyer et al., 2012; Davidson et al., 2012; Galinsky et al., 2015; Mao et al., 2017; 

O'Carroll et al., 2013; Orellana et al., 2011). A connexin43-specific antisense 
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oligodeoxynucleotide (Nexagon®, OcuNexus Therapeutics Inc.) has shown efficacy in 

repairing persistent ocular defects and completed successful Phase 2 clinical trials for diabetic 

leg ulcers, conditions associated with vessel disruption and tissue oedema (Ormonde et al., 

2012). Peptide5, a well-characterised connexin43 hemichannel blocker, has also been shown to 

reduce inflammation and restore retinal function in a light damage model of age-related macular 

degeneration (AMD) (Guo, Mat Nor, et al., 2016). One mode of action is thought to be through 

interruption of the inflammatory pathway to enable vascular bed recovery, reducing oedema 

and ischaemia, and promoting tissue repair (Kim, Griffin, Harris, et al., 2017).  

The present study hypothesized that blocking connexin43 hemichannels might be effective for 

the treatment of DR signs in a mouse model of the disease.  Peptide5 was therefore evaluated 

in a novel model that combines inflammatory cytokines and hyperglycaemia reported to be 

characteristic of the disease. Non-obese diabetic (NOD) mouse eyes were therefore 

intravitreally injected with pro-inflammatory cytokines, IL-1β and TNF-α, resulting in the onset 

of advanced DR signs. The effect of intravitreal Peptide5 treatment on DR signs was then 

determined using fundus and OCT images, with molecular changes assessed using 

immunohistochemistry. 

5.3 Methods 
5.3.1 Animals 

Female 15-week old NOD mice from Jackson Laboratory (USA) were used in this study. 

Animals were born, housed, anaesthetised and awakened as previously described (Section 

4.3.1.).  Animals were randomly allocated into one of three experimental groups with 10 eyes 

(5 mice) per group. The vehicle group received intravitreal cytokines in phosphate-buffered 

saline (PBS), while the treatment group received intravitreal cytokines and Peptide5 together 

in a single injection. For in vivo experiments, images obtained before injection of cytokines 

served as controls. For immunohistochemical analyses, NOD mice without any injection served 

as controls. 

5.3.2 Intravitreal injection of pro-inflammatory cytokines 

Intravitreal pro-inflammatory cytokines were administered into the vitreous as previously 

described (Section 4.3.4.). 
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5.3.3 Peptide5 treatment 

Peptide5 (H-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-OH; China Peptides, 

China) (O'Carroll et al., 2008) was intravitreally administered at the same time as the pro-

inflammatory cytokines at a concentration of 108 µM in the 1 µL to achieve a final vitreous 

concentration of 20 µM (Guo, Mat Nor, et al., 2016; Mugisho et al., 2018).  

5.3.4 Fundoscopy and Optical Coherence Tomography (OCT) imaging 

Fundus and OCT images were obtained as previously described (Section 4.3.5.). 

5.3.5 Assessment and quantification of retinal hyper-reflective foci (HRF) 

HRF were present within the inner/outer segments (IS/OS) and outer nuclear layer (ONL) 

causing deflections in the outer plexiform layer (OPL) (Figure 5.1). Assessment of retinal HRF 

was carried out as previously described in Section 4.3.6. For quantification, retinal HRF areas 

within each eye were averaged for all 10 eyes per group and results were presented as a 

percentage of the vehicle-treated group. 

5.3.6 Assessment and quantification of sub-retinal fluid severity  

Accumulation of sub-retinal fluid on day 7 was quantified by measuring the area of the hypo-

reflective regions between the IS/OS and the underlying RPE/choroid complex and summing 

up all areas within each eye for all 10 eyes per group. The results for sub-retinal fluid severity 

were presented as a percentage of the vehicle-injected group. 

5.3.7 Assessment of vitreous hyper-reflective foci (HRF) and severity grade 

Vitreous HRF, hyper-reflective spots and clumps within the vitreous, were assessed as 

discussed previously (Section 4.3.6; Figure 5.1).  
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Figure 5.1: A schematic representation of vitreous and retinal HRF.  

Retinal HRF (green arrow) result in OPL deflection (yellow region, yellow arrow). NFL = nerve fibre layer; GCL 

= ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer; ONL 

= outer nuclear layer; IS/OS = inner segment/outer segment; ONH = optic nerve head (white dotted arrow). 

5.3.8 Calculation of retinal thickness from OCT images 

The thickness of the NFL-GCL-IPL and ONL as well as the total retinal thickness were 

measured from OCT images as previously described (Section 4.3.7). The researcher was 

masked to the treatment during OCT thickness measurements to reduce any bias.  

5.3.9 Immunohistochemistry 

Tissues were collected, fixed, sectioned, and mounted on slides as previously described 

(Section 4.3.8.). Slides were rinsed in PBS before blocking tissue sections with 10% normal 

goat serum and 0.1% TritonX-100 in PBS for 1 h at room temperature. Sections were 

subsequently incubated overnight at 4 °C with primary antibodies detailed in Table 5.1. 

Sections were then washed and incubated at room temperature for 2 h with the corresponding 

secondary antibodies (Table 5.1). Secondary antibody only controls showed no non-specific 

labelling (Appendix VI). Nuclei were stained using DAPI (1 µg/mL; D9542; Sigma-Aldrich, 

USA) and blood vessels were stained with Isolectin B4. Sections were washed and mounted 

using anti-fade reagent (CitifluorTM, USA) and coverslips were sealed with nail polish.  
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Table 5.1: List of primary and secondary antibodies used in this study. 

Molecular marker Antibody Antibody 
type 

Working 
dilution Source 

Connexin43 Rabbit 
polyclonal Primary 1:2000 Sigma Aldrich, #C6219 

GFAP-Cy3 Mouse 
monoclonal Primary 1:1000 Sigma Aldrich, #C9205 

Iba1 Rabbit 
monoclonal Primary 1:2000 Abcam plc, #ab178846 

NLRP3 Goat 
polyclonal Primary 1:500 Abcam plc, #ab4207 

ASC Rabbit 
polyclonal Primary 1:200 Adipogen Life Sciences, #AG-

25B-0006-C100 

Isolectin-B4-A488 Griffonia 
simplicifolia Primary 1:100 Molecular Probes, #I-21411 

Goat anti-rabbit Alexa 
Fluor 488 

Goat 
polyclonal Secondary 1:500 Invitrogen, #A11034 

Donkey anti-rabbit 
Alexa Fluor 488 

Donkey 
polyclonal Secondary 1:500 Invitrogen, #A21206 

Donkey anti-goat Cy3 Donkey 
polyclonal Secondary 1:500 Jackson Immuno Research 

Laboratories Inc., #705-165-147 

5.3.10 Image analysis 

All images were taken with an Olympus FV1000 confocal laser scanning microscope 

(Olympus, Japan) and processed using FV-10 ASW 3.0 Viewer and the ImageJ software. Three 

images were taken per eye. For quantification of connexin43 and inflammasome proteins 

(NOD-like receptor protein (NLRP3) and apoptosis-associated speck-like protein containing a 

caspase activation and recruitment domain (ASC)) spots, files were converted to binary images 

and an equal threshold value and a watershed algorithm were applied to all images to reduce 

the background and separate individual clusters, respectively. For connexin43, the number of 

spots was counted in the GCL or within Isolectin B4-positive vessels. For NLRP3 and ASC, 

the number of spots was counted in the IPL. Connexin43, NLRP3 and ASC expression levels 

were presented as a percentage of the control. For GFAP quantification, the image was 

converted to a binary image and an equal threshold value was applied to all images. The area 

covered by GFAP labelling was quantified as a fraction of the total area spanning from the GCL 

to the INL.  The researcher was masked during immunofluorescence quantification in order to 

reduce any bias. 
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5.3.11 Statistical analysis 

All data are given as arithmetic mean + SEM. All statistical comparisons were performed using 

Student’s t-test, one-way or two-way ANOVA with post hoc Tukey’s test to reduce any bias 

associated with multiple comparisons. The statistical test used for each data set is outlined in 

the figure legend. A p value smaller than 0.05 was considered to indicate a statistically 

significant difference. All statistical analysis was performed in GraphPad Prism 7. 

5.4 Results 
5.4.1 The proportion of eyes with vessel dilation and beading was decreased with 

Peptide5 treatment on day 2 

Fundus images revealed the presence of vessel dilation and beading in both vehicle and 

Peptide5-injected mice on day 2 (Figure 5). However, Peptide5 treatment resulted in a lower 

incidence of both vessel dilation and beading compared to vehicle-injected eyes (Figure 5.2B).  
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Figure 5.2:  Fundus images showing macrovascular changes in the retina following vehicle and Peptide5 
injection. 

(A). Vessel dilation (white arrows) and beading (red arrows) increased in both vehicle and Peptide5-injected mice 

at day 2. (B) The proportion of eyes with vessel dilation and beading was lower following Peptide5-treated 

compared to vehicle-injected mice. 

5.4.2 Peptide5 treatment reduced retinal HRF severity and sub-retinal fluid 
accumulation 

OCT images revealed that retinal HRF were present on day 2 and resulted in sub-retinal fluid 

deposition by day 7 in both vehicle and Peptide5-injected mouse retinas (Figure 5.3A). 

However, on day 2, Peptide5-injected eyes had lower retinal HRF severity (75.15 ± 2.76 %) 
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compared to vehicle-injected eyes (100 ± 7.1 %; p = 0.0029) (Figure 5.3B). Sub-retinal fluid 

accumulation was also significantly lower in Peptide5-injected eyes (31.11 ± 3.16 %) compared 

to vehicle-injected eyes (100 ± 9.27 %; p < 0.0001) on day 7 (Figure 5.3C).  

 

Figure 5.3: OCT images showing intra-retinal HRF and sub-retinal fluid within the ONL in vehicle and 
Peptide5-injected mouse retinas.  

(A)  In vehicle-injected eyes, the presence of HRF (red arrows) on day 2 resulted in significant sub-retinal fluid 

accumulation (yellow arrows) by day 7. In Peptide5-treated eyes, on the other hand, the presence of HRF on day 

2 only resulted in minor sub-retinal fluid deposition on day 7. (B) Quantification of HRF severity suggested that 

Peptide5 treatment reduced HRF severity compared to vehicle injection (p = 0.0029). (C) Likewise, sub-retinal 

fluid severity was lower in Peptide5-treated compared to vehicle-injected mouse retinas (p < 0.0001). Results are 

expressed as mean + SEM. Statistical comparisons were carried out using Student’s t-test. n = 10 eyes. **p ≤ 0.01; 

****p < 0.0001. 

5.4.3 Peptide5 treatment prevented vitreous HRF formation 

No vitreous HRF were present in animal before treatment day 0 (Figure 5.4); however, vehicle-

injected eyes showed increase in vitreous HRF severity at day 2 (10 ± 2) and day 7 (11 ± 1.87) 

compared to day 0 (p < 0.0001 for both). Conversely, Peptide5 treatment completely prevented 

vitreous HRF formation on days 2 and 7.  
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Figure 5.4: OCT images showing vitreous HRF following intravitreal vehicle and Peptide5 injection. 

 (a) Presence of vitreous HRF on day 7 following intravitreal vehicle and Peptide5 injection. (b) Vehicle-injected 

mice showed increased vitreous HRF severity on days 2 and 7 compared to day 0 (p < 0.0001 for both). Peptide5-

injected mice did not develop any vitreous HRF on days 2 and 7. Results are expressed as mean + SEM. Statistical 

comparisons were carried out using two-way ANOVA with Tukey’s multiple comparisons test. n = 10 eyes. ****p 

≤ 0.0001 

5.4.4 Peptide5 treatment prevented an increase in retinal layer thickness caused by 
cellular oedema 

The effect of Peptide5 treatment on retinal layer thickness was studied and compared to the 

vehicle. In vehicle-injected eyes, there was a significant increase in the NFL-GCL-IPL 

thickness on day 2 (133.3 ± 2.3 %; p < 0.0001) compared to baseline levels (Figure 5.5A). 

Peptide5 treatment also resulted in a significant increase in the NFL-GCL-IPL thickness at day 

2 (120.7 ± 3.3 %; p < 0.0001) compared to baseline levels. However, the NFL-GCL-IPL 
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thickening in Peptide5-injected mice was still significantly lower than in vehicle-injected mice 

(p = 0.0032). By day 7, the original NFL-GCL-IPL thickness was restored to baseline levels in 

both Peptide5 (99.8 ± 1.5 %; p = 0.3856) and vehicle-injected mice (99.62 ± 0.9 %; p = 0.9909).  

An increase in ONL thickness was also observed in both groups. In vehicle-injected eyes, there 

was a significant increase in ONL thickness on day 2 (137.9 ± 8.3 %; p < 0.0001) compared to 

day 0, which had returned to baseline by day 7 (111.8 ± 2.7 %; p = 0.1049) (Figure 5.5B). In 

Peptide5-injected eyes there was only a slight but still significant increase in the ONL thickness 

at day 2 (114.8 ± 1.4 %; p = 0.0151) compared to day 0, but this also had returned back to 

baseline by day 7 (92.1 ± 0.8 %; p = 0.6608). However, overall, Peptide5 treatment resulted in 

significantly less ONL thickening at day 2 (p = 0.0032) and day 7 (p = 0.0098) compared to 

vehicle injection. 

Comparing the total retinal thickness, results showed a significant increase in vehicle-injected 

eyes on day 2 (134 ± 1.4 %; p < 0.0001) compared to day 0, which was still significantly higher 

at day 7 (115.6 ± 1.7 %; p < 0.0001) (Figure 5.5C). Peptide5 injection only resulted in a 

significant increase in the total retinal thickness at day 2 (117.7 ± 3.0 %; p < 0.0001) compared 

to day 0, however, this had returned back to baseline at day 7 (95.0 ± 1.3 %; p = 0.5270). 

Overall, Peptide5 treatment resulted in significantly lower total retinal thickening at both day 2 

(p < 0.0001) and day 7 (p < 0.0001) compared to vehicle injection.  
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Figure 5.5: Quantification of retinal layer thickness following intravitreal vehicle and Peptide5 injections. 

Retinal layer thickness was quantified from OCT images and expressed as a percentage of the baseline thickness. 

(A) The thickness of the NFL-GCL-IPL increased at day 2 in both vehicle and Peptide5-injected NOD mice (p < 

0.001 for both). However, Peptide5 treatment resulted in less NFL-GCL-IPL thickening compared to the vehicle 

(p = 0.0032). There was no difference between the two treatment groups and each group compared with their 

baselines by day 7 in terms of NFL-GCL-IPL thickness. (B) In vehicle-injected eyes, the ONL thickened at day 2 

(p < 0.0001) but was back to baseline at day 7. Peptide5 treatment, on the other hand, resulted in less ONL 

thickening on both day 2 (p = 0.0032) and day 7 (p = 0.0098) compared to vehicle injection. (C) There was an 

increase in total retinal thickness in vehicle-injected eyes on both day 2 and day 7 compared to day 0 (p < 0.0001 

for both). Peptide5 treatment, on the other hand, resulted in less total retinal thickening at both days 2 and 7 

compared to vehicle (p < 0.0001 for both).  Statistical comparisons were carried out using two-way ANOVA with 

Tukey’s multiple comparisons test. n = 10 eyes. *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. 
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5.4.5 Peptide5 treatment reduced cytokine-induced connexin43 upregulation 

Connexin43 expression was present in the GCL, RPE and optic nerve of all the groups studied 

(Figure 5.6A). In the GCL of the retina, there was an increase in connexin43 expression in 

vehicle-injected (369.0 ± 72.8 %; p = 0.0061) compared to control retinas (Figure 5.6B). 

Peptide5 treatment, on the other hand, significantly limited the increase in connexin43 

expression compared to vehicle injection (127.6 ± 25.0 %; p = 0.0114) with no difference 

between Peptide5 and control groups (p = 0.9046). Similar to the GCL, there was an increase 

in connexin43 expression in vehicle-injected compared to control retinas in the RPE (283.3 ± 

23.6 %; p = 0.0003). Again, Peptide5 treatment significantly limited the increase in connexin43 

expression compared to vehicle injection (158.3 ± 32.8 %; p = 0.0074) with no difference 

between Peptide5 and control groups (p = 0.2503).  In the optic nerve, vehicle injection also 

increased connexin43 expression (127.3 ± 4.9 %; p = 0.0104) relative to the control group, 

while Peptide5 treatment reduced connexin43 levels (91.2 ± 6.4 %) compared to vehicle 

injection (p = 0.0009) with no statistically significant differences between control and Peptide5-

treated groups (p = 0.6342).   

Connexin43 expression was also observed in superficial blood vessels, labelled with Isolectin 

B4, within the GCL as well as the intermediate and deep vascular plexuses within the IPL and 

OPL, respectively (Figure 5.7A). Connexin43 expression increased in superficial blood vessels 

in vehicle-injected (505.7 ± 67.2 %; p = 0.0011) compared to control retinas (Figure 5.7B). 

However, Peptide5 treatment limited the increase in connexin43 expression compared to the 

vehicle (257.3 ± 55.3 %; p = 0.0411) with no statistically significant difference to control retinas 

(p = 0.1928). There was no difference in connexin43 expression in the blood vessels within the 

intermediate and deep plexuses (data not shown).  
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Figure 5.6: Connexin43 expression in retina and optic nerve following intravitreal vehicle and Peptide5 
injections. 

(A) Immunohistochemical images showed connexin43 expression (green) and DAPI staining (blue) in the GCL of 

the retina, RPE, and optic nerve of control as well as vehicle- and Peptide5-injected NOD mouse retinas. 

Connexin43 expression was evident within the GCL, RPE, and optic nerve of all groups studied but appeared to 

increase in vehicle-injected but to decrease in Peptide5-treated animals compared to controls. GCL = Ganglion 

cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL = Outer plexiform layer; ONL = Outer 

nuclear layer; IS/OS = Inner segment/outer segment; RPE = retinal pigment epithelium.  Scale bar = 50 µm. (B) 

Within the GCL, connexin43 levels increased in vehicle-injected compared to control retinas (p = 0.0061). 

Peptide5 treatment, on the other hand, prevented an increase in connexin43 expression in the GCL compared to 

vehicle-injected retinas (p = 0.0114) with no difference to control retinas. Connexin43 expression also increased 

following vehicle injection compared to control retinas (p = 0.0003). Peptide5-treated retinas again showed less 

connexin43 expression in the RPE compared to vehicle-injected retinas (p = 0.0074) with no difference to control 

retinas. In the optic nerve, connexin43 expression increased in vehicle-injected compared to control retinas (p = 

0.0104). Similar to the retina and RPE, Peptide5 treatment prevented connexin43 upregulation relative to the 

vehicle (p = 0.0009) with no significant difference compared to the control group. Data presented as mean + SEM. 

Statistical comparisons were carried out using two-way ANOVA with Tukey’s multiple comparisons test. n = 5 

eyes. n.s. = significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 5.7: Connexin43 expression in retinal blood vessels following intravitreal vehicle and Peptide5 
injections. 

(A) Immunohistochemical images showed connexin43 expression (green, white arrows), Isolectin B4 (red) 

labelling and DAPI (blue) staining in retina of control as well as vehicle- and Peptide5-injected NOD mouse 

retinas. Connexin43 expression was evident within blood vessels in the GCL in all groups studied but appeared 

higher in vehicle-injected retinas. GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear 

layer.  Scale bar = 50 µm. (B) Quantification of connexin43 expression showed a significant increase in vehicle-

injected compared to control retinas (p = 0.0011). Peptide5 treatment, on the other hand, decreased connexin43 

expression compared to vehicle-injected retinas (p = 0.0411) with no difference between Peptide5-treated and 

control retinas. Data presented as mean + SEM. Statistical comparisons were carried out using two-way ANOVA 

with Tukey’s multiple comparisons test. n = 5 eyes. n.s. = significant; *p ≤ 0.05; **p ≤ 0.01. 
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5.4.6 Peptide5 treatment reduced cytokine-induced GFAP upregulation in the retina 

and optic nerve  

Previous studies have shown that GFAP expression which is basally restricted to the GCL, 

increases spanning into the IPL in DR (Mugisho et al., 2017). Similarly, GFAP expression was 

restricted to the GCL in control retinas but increased and expanded into other retinal layers in 

vehicle-injected retinas (223.9 ± 10.5 %; p = 0.0038) (Figure 5.8). Peptide5 treatment, on the 

other hand, resulted in lower GFAP expression (144.6 ± 18.5 %, p = 0.0183) compared to 

vehicle with no statistically significant difference in GFAP levels between Peptide5-treated and 

control retinas (p = 0.2570). GFAP expression was restricted to the GCL in Peptide5-treated 

retinas compared to vehicle. GFAP expression was also increased in vehicle-injected (269.6 ± 

12.1 %) compared to control mice (p < 0.0001) in the optic nerve. Peptide5 treatment (141.8 ± 

7.7 %), again, decreased GFAP expression in the optic nerve relative to vehicle (p < 0.0001) 

although it did not restore GFAP expression back to basal levels (p = 0.0386).  

5.4.7 Peptide5 treatment prevented cytokine-induced infiltration of Iba1-positive cells 
into the ONL but not the choroid 

Iba1-positive cells were present in the GCL, IPL and OPL of all groups studied (Figure 5.9). In 

addition, Iba1-positive cells were observed within the ONL of vehicle-injected but not 

Peptide5-treated or control retinas. Iba1-positive cells were also visible in the choroid of both 

vehicle- and Peptide5-injected retinas but not in control retinas.  
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Figure 5.8: GFAP expression in the retina and optic nerve following intravitreal vehicle and Peptide5 
injections.  

(A) GFAP expression (red) and DAPI staining (blue) in control as well as vehicle- and Peptide5-injected NOD 

mouse retinas and optic nerve. In the retina, GFAP labelling was evident within the GCL only in control and 

Peptide5-injected retinas. GFAP expression spanned from the GCL to the ONL in vehicle-injected retinas. GFAP 

expression was evident in the optic nerve in all groups. GCL = Ganglion cell layer; IPL = Inner plexiform layer; 

INL = Inner nuclear layer; OPL = Outer plexiform layer; ONL = Outer nuclear layer; IS/OS = Inner segment/outer 

segment; RPE = retinal pigment epithelium.  Scale bar = 50 µm. (B) In the retina, GFAP expression was 

significantly increased in vehicle-injected compared to control retinas (p = 0.0038). Peptide5-treated retinas 

showed less GFAP expression compared to vehicle (p = 0.0183) with no difference to control retinas. In the optic 

nerve, GFAP expression was also significantly increased in the vehicle compared to the control group (p < 0.0001) 

while Peptide5 treatment decreased GFAP expression relative to vehicle (p < 0.0001). Data presented as mean + 

SEM. Statistical comparisons were carried out using one-way ANOVA with Tukey’s multiple comparisons test. n 

= 5 eyes. n.s. = significant; *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. 
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Figure 5.9: Immunohistochemical images showed Iba1-positive cells within the GCL, IPL, OPL and choroid 
of control as well as vehicle- and Peptide5-injected NOD mouse retinas.  

Iba1-positive cells were seen in the ONL of vehicle-injected retinas (red arrows) but not control or Peptide5-treated 

retinas. Iba1-positive cells were also observed in the choroid (white arrows) of both vehicle- and Peptide5-injected 

but not control retinas.  GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL 

= Outer plexiform layer; ONL = Outer nuclear layer; IS/OS = Inner segment/outer segment; RPE = retinal pigment 

epithelium. Scale bar: 50 µm. 

5.4.8 Peptide5 treatment prevented cytokine-induced NLRP3 and ASC upregulation 

NLRP3 and ASC were expressed throughout the retina in all groups studied. However, changes 

in expression levels were observed from the GCL to the IPL (Figure 5.10). The expression of 

both proteins appeared in spots indicating the assembly of multi-oligomer inflammasome 

complexes which can be immunohistochemically labelled (Figure 5.10B). There was a 

significant increase in ASC spots in vehicle-injected retinas (392.3 ± 61.9 %; p = 0.0031) 

compared to controls (Figure 5.10C). Peptide5-treated retinas (89.13 ± 35.4 %), on the other 

hand, showed less ASC spots compared to vehicle-injected retinas (p = 0.0024) with no 

statistically significant difference between Peptide5-injected and control groups (p = 0.9865). 

Similar to ASC, there was also a significant increase in NLRP3 expression in vehicle-injected 

(181.7 ± 7.9 %; p = 0.005) compared to control retinas. Peptide5 treatment (71.2 ± 22.5 %) 

resulted in lower NLRP3 expression compared to the vehicle group (p = 0.0006) maintaining 

basal levels (p = 0.3818). 

 
Page 120 

 



Chapter 5: Connexin43 hemichannel block protects against the development of diabetic retinopathy in a mouse 
model of the disease 

 

 

Figure 5.10: NLRP3 and ASC expression following intravitreal vehicle and Peptide5 injections. 

(A) Immunohistochemical images showing ASC (green) and NLRP3 (red) expression in control as well as vehicle- 

and Peptide5-injected NOD mouse retinas. ASC and NLRP3 labelling was evident from the GCL to the IPL in all 

groups studied. GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; Scale bar = 

50 µm (B) Enlargement of the IPL showing ASC and NLRP3 spots suggesting protein aggregation. Scale bar = 

25 µm (C) Vehicle-injected retinas showed higher ASC spot counts compared to control retinas (p = 0.0031). 

Peptide5 treatment decreased ASC spots compared to vehicle injection (p = 0.0024) with no significant difference 

between Peptide5 treatment and the control group. Similar to ASC, vehicle-injected retinas showed an increase in 

the NLRP3 spot count compared to control retinas (p = 0.005) while Peptide5 treatment decreased NLRP3 

expression back to baseline levels. Data presented as mean + SEM. Statistical comparisons were carried out using 

one-way ANOVA with Tukey’s multiple comparisons test. n = 5 eyes. n.s. = significant; **p ≤ 0.01; ***p ≤ 0.001.  
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5.5 Discussion 

In a previous study we have shown that the impact of the pro-inflammatory cytokines, IL-1β 

and TNF-α, introduced to retinal pigment cells in vitro, is significantly amplified under high 

glucose conditions (Mugisho et al., 2018). On the basis of that study we demonstrated that the 

introduction of inflammatory cytokines into the vitreous of diabetic mice induced vascular 

disruption and inflammation, the two key pathological features of DR (Antonetti et al., 2006). 

In the present study, vascular disruption was demonstrated in fundus images by the presence of 

vessel beading and dilation, signs which are commonly seen in the more advanced stages of 

DR (Coscas et al., 2017). With Peptide5 treatment, there was a decrease in the incidence of both 

pathologies suggesting that connexin43 hemichannels may play a key role in the disease 

pathogenesis. The present study also showed vascular pathologies in OCT images with HRF 

formation evident on day 2 which resulted in sub-retinal fluid accumulation between the IS/OS 

and RPE layers by day 7. The idea that retinal HRF formation represents vascular disruption in 

DR has been shown in human retinas from patients with advanced DR (Mizukami et al., 2017). 

Furthermore, sub-retinal fluid accumulation is consistent with the formation of DME in diabetic 

patients, although it is worth noting that the absence of a macula in rodents makes it difficult to 

conclude the presence of DME in this model (Ferris & Patz, 1984). Nonetheless, the present 

study found that Peptide5 treatment was able to significantly reduce both retinal HRF severity 

and sub-retinal fluid deposition.  

The thickness of the NFL-GCL-IPL, ONL and total retina was also increased in this model 

supporting the presence of fluid retention and oedema within the retinal layers at days 2 and 7. 

Peptide5 treatment prevented thickening of these layers, possibly as a result of its ability to 

prevent vascular breakdown and vessel leak as seen in fundus and OCT images. These findings 

of vascular sparing by Peptide5 are in support of Chen and colleagues where Peptide5 was 

found to reduce vessel leak in the ischaemia/reperfusion mouse model of DR (Chen, Green, 

Wang, et al., 2015). Furthermore, blocking connexin43 hemichannels, using Peptide5 and other 

connexin43 hemichannel blockers, has been shown to reduce vascular breakdown and leak in 

many other retinal diseases (Chen, Green, Teague, et al., 2015; Chen, Green, Wang, et al., 2015; 

Danesh-Meyer et al., 2012; O'Carroll et al., 2008; O'Carroll et al., 2013). 

The present study also showed that this mouse model is associated with pronounced elevation 

in connexin43 expression in both astrocytes and vascular endothelial cells within the GCL as 

well as the optic nerve, supporting the hypothesis that connexin43 plays a role in the 
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development of DR. The presence of connexin43 in the retina and optic nerve has previously 

been reported (Kerr et al., 2010). We found that in vehicle-injected retinas, there was a 

significant increase in connexin43 levels compared to controls. Previous studies have also 

shown that DR is associated with an increase in connexin43 expression in both in vitro and in 

vivo models (Mugisho et al., 2018; Mugisho et al., 2017) and specifically, a combination of 

hyperglycaemia and inflammation lead to an increase in connexin43 hemichannel opening 

which correlated with increased secretion of pro-inflammatory cytokines as well as an increase 

in inflammasome activation (Mugisho et al., 2018). The finding that connexin43 expression 

was elevated in astrocytes, endothelial cells and the optic nerve suggests a multi-factorial role 

of this protein in the disease pathogenesis. Furthermore, the fact that intravitreal Peptide5 

administration at the same time as pro-inflammatory cytokines prevented connexin43 

upregulation further proves that connexin43 hemichannels are important to the development 

and progression of DR.  

Inflammation was also observed in this model evidenced most notably by vitreous HRF 

formation as seen in OCT images. It is believed that vitreous fluid analysis is an important tool 

in understanding the role of inflammatory mediators in DR (Simo-Servat et al., 2012). 

Furthermore, vitreous HRF formation has been reported in donor eyes with DR and it is thought 

that these changes are a result of inflammatory cell infiltration into the vitreous and are a direct 

consequence of ocular inflammation (Urbancic et al., 2013). In the present study, vitreous HRF 

were found in vehicle-injected eyes, while Peptide5 treatment completely blocked vitreous 

HRF formation at all time-points studied. The ability for Peptide5 to completely prevent 

vitreous HRF formation could due to its ready availability after intravitreal injection while in 

order for Peptide5 to act on the retina, tissue diffusion is required. Similarly, intra-retinal 

inflammation assessed by evaluating GFAP expression and localisation of Iba1-positive cells, 

was also significantly reduced.  

GFAP expression was increased in vehicle-injected retinas within astrocytes in the GCL and in 

Müller cells that spanned from the GCL to the ONL, suggesting an increase in retinal gliosis 

(Feit-Leichman et al., 2005; Fletcher et al., 2007; Rungger–Brändle et al., 2000). Retinal gliosis 

is a key indication that chronic inflammatory processes have been induced in the retina (El-

Asrar, 2012; Tang & Kern, 2011). Furthermore, previous studies have reported that increases 

in connexin43 expression correlate with GFAP upregulation in the Akimba model of DR as 

well as in human donor retinas with confirmed DR diagnosis (Mugisho et al., 2017). It is 
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therefore not surprising that Peptide5 treatment prevented GFAP upregulation with no 

difference in expression levels and localisation between Peptide5-treated and control groups. 

Inflammatory changes within this model were not restricted to the retina alone but also 

manifested in the optic nerve where increased connexin43 expression correlated with increased 

GFAP expression. As with the retina, Peptide5 treatment prevented an increase in both 

connexin43 and GFAP expression. The ability of Peptide5 to reduce GFAP expression has 

previously been reported (Danesh-Meyer et al., 2012), with this study also showing that 

astrogliosis in the ischaemia/reperfusion model correlated with an increase in connexin43 

expression, in line with the findings of the present study. Furthermore, we found that Iba1-

positive cell infiltration into the ONL occurring during retinal inflammation was prevented with 

Peptide5 treatment. Taken together, the anti-inflammatory properties of connexin43 

hemichannel block shown in our study and reported by others strongly suggest that Peptide5 

should be considered as a treatment for chronic inflammatory diseases, not only in the eye but 

also in other organ systems. After all, several studies have reported the effectiveness of 

connexin43 hemichannel block on treating chronic inflammation in the brain (Davidson et al., 

2013; De Bock et al., 2011) and spinal cord (Mao et al., 2017). 

Changes in the expression of two key components of the inflammasome pathway, NRLP3 and 

ASC, were also observed with injury and in response to Peptide5 treatment. We found an 

increase in NLRP3 and ASC expression in vehicle-injected retinas, specifically within the IPL. 

This is important to note because most of the retinal thickening believed to be a result of fluid 

retention was found in this layer. With Peptide5 treatment, there was a decrease in the 

expression of both NLRP3 and ASC suggesting a link between connexin43 hemichannels and 

the inflammasome pathway in DR.  

This is not surprising as NLRP3 inflammasome activation has previously been reported in both 

AMD and DR (Guo, Yu, et al., 2016; Ildefonso et al., 2016; Loukovaara et al., 2017). 

Furthermore, clinical studies found that advanced DR donor retinas have higher levels of all 

components of the inflammasome complex compared to controls (Loukovaara et al., 2017). 

Guo and colleagues also suggest that NLRP3 activation contributes significantly to the 

development and progression of retinal ischaemia (2016). Despite the evidence that support the 

presence of NLRP3 activation in the development of DR, the exact molecular trigger remains 

unknown. Though the inflammasome can be induced by a plethora of different molecules, some 

studies believe that in diabetes, high glucose on its own can induce NLRP3 aggregation by 
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activating thioredoxin-interacting protein (TXNIP) (Zhou et al., 2010). However, previous in 

vitro studies have found that a combination of hyperglycaemia and inflammation is required 

together to induce NLRP3 activation and this correlated with an increase in connexin43 

hemichannel opening (Mugisho et al., 2018). Specifically, this study found that blocking 

connexin43 hemichannels prevented ATP release which is required to activate the 

inflammasome pathway and the resultant release of pro-inflammatory cytokines such as IL-1β 

and IL-18. Therefore, this relationship between connexin43 hemichannels and the 

inflammasome may be the pathological mechanism behind vascular breakdown and 

inflammation in DR.  

In summary, the present study has shown that Peptide5 is effective at preventing the 

development of signs consistent with DR in a novel mouse model that recapitulates both the 

inflammatory and hyperglycaemic elements of the disease. With Peptide5 treatment, there was 

a reduction in the incidence of vessel dilation and beading, formation of retinal and vitreous 

HRF as well as thickening of retinal layers, supporting the idea that Peptide5 can protect against 

vascular leak and oedema. On a molecular level, GFAP expression, Iba1-positive cell 

infiltration into the ONL and inflammasome activation were all reduced by Peptide5 treatment 

suggesting it is an effective treatment against inflammatory processes in the retina. Taken 

together, these findings support our conclusion that Peptide5, and connexin43 hemichannel 

block in general, could be considered as a potential upstream approach for the treatment of DR.  

5.6 Epilogue  

This chapter presented in vivo evidence in support of findings from Chapter 3 that Peptide5 

treatment can block connexin43 hemichannels and thus decrease signs of advanced DR. The 

findings of this chapter support previous studies which have demonstrated that Peptide5, and 

hemichannel block in general, can reduce vessel leak (Danesh-Meyer et al., 2012; Davidson et 

al., 2012; O'Carroll et al., 2008). This is evidenced by its ability to decrease HRF severity, sub-

retinal fluid accumulation and retinal thickness. Furthermore, a decrease in GFAP expression 

and microglial activation suggest that blocking hemichannel opening is effective at reducing 

inflammation. The Peptide5 effects on the two inflammasome proteins studied (NLRP3 and 

ASC) support our findings in Chapter 2 and further prove that inflammasome modulation is the 

likely mechanism of action for Peptide5.  
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While this chapter clearly shows that Peptide5 is effective at treating DR signs in vivo, it is 

important to note that the effects described here are prophylactic as Peptide5 treatment was 

applied at the same time as injury. Therefore, results only suggest that Peptide5 can prevent DR 

development; however, further studies are required to determine the effectiveness of Peptide5 

in DR treatment after the disease pathogenesis has been established. 
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6 Final discussion and future directions 
6.1 General discussion 

With the rising diabetes incidence globally, it is highly likely that the number of people 

presenting with DR will also increase ("American Diabetes Association: Economic costs of 

diabetes in the US in 2012," 2013). As a result, effective therapies that can halt the progression 

or, better yet, treat the disease, are necessary. This is not only to improve the quality of life of 

affected patients and their families, but also to decrease the tremendous financial burden of DR 

on the government, affected families, and communities. In New Zealand alone, the total 

national financial cost of vision loss in 2009 was estimated to be $398 million, increasing to 

$2.8 billion if the monetary value of the loss of wellbeing was added ("Access Economics Pty 

Limited, The economic impact of vision loss in New Zealand in 2009," 2010). Given that DR 

is the most common complication of diabetes and the leading cause of blindness in the working 

population, it contributes largely to the financial burden of vision loss.  

Attempts at halting DR progression led to the recognition of anti-VEGFs in the early 90s for 

the treatment of both DR and age-related macular degeneration (AMD). Ranibizumab was 

approved in 2006 while aflibercept was approved in 2011 for the treatment of AMD (Simo & 

Hernandez, 2008; Stefanini et al., 2014). Since then, anti-VEGFs have been the gold standard 

treatment for both AMD and DR with over 4,500 injections administered in 2015 in New 

Zealand alone, up from 2,500 in 2013 (Samalia et al., 2016). Anti-VEGF therapies gained 

popularity due to their ability to reduce vessel leak by preventing neovascularisation, the main 

cause of vision loss in DR patients. However, despite their initial promising results, recent 

studies have revealed concerning side effects resulting from prolonged anti-VEGF use 

(Gemenetzi et al., 2017; Grunwald et al., 2014; Martin et al., 2012; Nishijima et al., 2007).  

These effects are thought to be a result of non-specific anti-VEGF effects on healthy blood 

vessels in the retina. Moreover, these treatments mainly target late stage disease signs, but are 

less effective in ameliorating disease progression. Furthermore, up to 50% of DR and AMD 

patients are resistant to anti-VEGF therapy suggesting that underlying mechanisms of the 

disease are not being targeted (Tranos et al., 2013). The increasing health and financial burden 

posed by diabetes and its complications as well as limitations associated with the use of anti-

VEGF therapy, means that the development of novel treatments with fewer side effects and less 

drug resistance is paramount.  
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Connexin43, a gap junction protein, has been linked with various chronic diseases associated 

with vascular breakdown and inflammation (Leybaert et al., 2017). Particularly, opening of 

connexin43 hemichannels has been shown to promote vessel leak and inflammation in many 

animal models and in various organ systems (Acosta et al., 2016; Bennett et al., 2012; Bosch 

& Kielian, 2014; Cea et al., 2013; Chen et al., 2016; Chen, Green, Teague, et al., 2015; Chen, 

Green, Wang, et al., 2015; Danesh-Meyer et al., 2012; Davidson et al., 2014; De Bock et al., 

2011; Eugenin et al., 2012; Galinsky et al., 2015; Guo, Mat Nor, et al., 2016; Kim, Griffin, Nor, 

et al., 2017; Mao et al., 2017; Wang et al., 2013). Therefore, down-regulation of connexin43 

expression or hemichannel modulation has proven beneficial in a number of preclinical models 

of tissue damage and repair including brain lesions, ischaemia, skin incisions, excisions and 

burns, spinal cord injury, infection, ocular surface wounds, retinal stroke and age-related 

macular degeneration (Coutinho et al., 2005; Danesh-Meyer et al., 2012; Davidson et al., 2012; 

Guo, Mat Nor, et al., 2016; Qiu et al., 2003; Zhang et al., 2013). Moreover, a connexin43-

specific antisense oligonucleotide (Nexagon®, OcuNexus Therapeutics Inc.) showed efficacy 

in repairing persistent ocular defects and completed successful Phase 2 clinical trials for diabetic 

leg ulcers, conditions associated with vessel disruption and tissue oedema (Ormonde et al., 

2012).  

As a result of these findings, there has been growing interest in studying connexin43 gap 

junction hemichannels in diabetes as their presence correlates with inflammation and has been 

consistently associated with endothelial cell responses to injury (Becker et al., 2012; Sato et al., 

2002). However, the development of DR therapies has been hindered by a lack of animal 

models that adequately mimic important aspects of the disease. Most animal models do not 

depict many of the vascular pathologies present in DR, particularly in late stages of the disease. 

This is because despite accumulating evidence that DR is associated with persistent low-level 

inflammation, most models are based only on hyperglycaemic processes. However, it is 

increasingly becoming apparent that DR, like most other complications of diabetes, is 

associated with pronounced inflammation as well as loss of vascular integrity, therefore, it is 

possible that connexin43 also plays a role in its pathology. Therefore, the hypothesis of this 

thesis was that DR is based on a complex interplay between hyperglycaemia and 

inflammation and that blocking connexin43 hemichannels can prevent DR pathology in 

both in vitro and in vivo models. 

At the time this work was conducted, there was a conflict in the literature with regards to the 

pattern of connexin43 expression in DR. This was largely due to the fact that most animal 
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models were hyperglycaemia-only models. For this reason, the first objective of this thesis 

was to characterise connexin43 expression in a mouse model of DR and in human donor 

retinas with confirmed DR diagnosis (Chapter 2). The effect of hyperglycaemia and 

inflammation, individually and in combination, was studied on connexin43 expression in 

primary human microvascular endothelial cells, cells that line retinal blood vessels and are 

damaged in DR. Connexin43 expression was also evaluated in the Akimba mouse which 

incorporates both hyperglycaemia and inflammation and compared to the Akita mouse, a model 

of diabetes that does not incorporate inflammation, in order to determine the effect of 

inflammation on connexin43 under hyperglycaemia. Finally, in vitro and in vivo expression 

levels were compared to those in human donor retinas with confirmed DR diagnosis to 

determine whether they reflect the connexin43 pathology seen in the human condition. Results 

showed that connexin43 expression increases in human donor retinas with confirmed DR 

diagnosis and this pattern correlated with in vitro and in vivo results only when both 

hyperglycaemic and inflammatory processes were combined. Furthermore, the increase in 

connexin43 expression correlated with leaky and damaged blood vessels in both Akimba mice 

and human donor retinas, suggesting that connexin43 may play a key role in vascular disruption 

seen in the disease.  

As a result of the findings in Chapter 2, the second objective of the thesis was to evaluate the 

molecular basis of connexin43 hemichannel pathology in DR (Chapter 3).  Several studies 

have shown that connexin43 hemichannels, that are physiologically closed, open during 

inflammatory or ischaemic conditions to contribute to the worsening of injury (Davidson et al., 

2014; Davidson et al., 2012; Galinsky et al., 2015; Orellana et al., 2012; Retamal et al., 2007). 

Particularly, it is believed that hemichannels contribute to cell death by regulating extracellular 

ATP levels (Orellana et al., 2011). However, the exact mechanism by which connexin43 

hemichannel-mediated ATP release activates ischaemic and inflammatory processes was 

largely unknown. As a result, this chapter focused on understanding the mechanism by which 

connexin43 hemichannel-mediated ATP release interacts with the inflammation and 

inflammasome pathways in DR. The results showed that blocking connexin43 hemichannels, 

using Peptide5 at the time of injury, can prevent the release of pro-inflammatory cytokines and 

ATP. Particularly, results highlighted that connexin43 hemichannels regulate inflammatory 

processes in cells by inhibiting ATP-mediated activation of the NLRP3 inflammasome. 

However, while this chapter presented the mechanism of connexin43 hemichannel pathology 

in DR, the use of a single cell model makes it difficult to accurately extrapolate findings to in 
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vivo systems where multiple cell-cell interactions are in play. As a result, the next objective 

was to develop and characterise a novel mouse model of DR that incorporates 

hyperglycaemia and inflammation (Chapter 4). While the Akimba mouse used in Chapter 2 

also incorporates both hyperglycaemia and inflammation, it does not display the sequence of 

DR development seen in the human condition as inflammation precedes hyperglycaemia. 

Therefore, a new in vivo DR model in which inflammatory cytokines were introduced to the 

retina of non-obese diabetic (NOD) mice was developed. NOD mice develop type I diabetes 

due to spontaneous autoimmune destruction of their β-islet cells (Robinson et al., 2012). These 

mice, similar to other hyperglycaemia-only mouse models, do not display signs of advanced 

DR despite showing loss of retinal integrity and perfusion (Lee & Harris, 2008; Shaw et al., 

2006). As a result, the same pro-inflammatory cytokines, IL-1β and TNF-α, used in in vitro 

studies were introduced in a single injection into the vitreous of NOD mice to induce ocular 

inflammation. Results in this chapter presented in vivo evidence in support of findings in 

chapters 2 and 3 that hyperglycaemia and inflammation together can elicit DR signs. 

Particularly, the findings suggested that intra-retinal vascular abnormalities develop only in 

diabetic mice when ocular inflammation is stimulated. This new model was found to display 

several signs of advanced DR making it ideal to study the role of connexin43 hemichannels in 

the disease. 

As a result, the final objective of this thesis was to assess the effectiveness of the connexin43 

hemichannel blocker, Peptide5, for the treatment of DR signs in this novel mouse model 

(Chapter 5). Results showed that Peptide5 reduced vessel leak when applied at the same time 

as the injury was induced, evidenced by its ability to decrease HRF severity, sub-retinal fluid 

accumulation and retinal thickness. Furthermore, Peptide5 was able to reduce inflammation as 

shown by its ability to decrease GFAP expression and microglial activation. Taken together, 

these findings are in support of studies which have demonstrated that Peptide5, and 

hemichannel block in general, can reduce vessel leak and inflammation in chronic disease 

models (Danesh-Meyer et al., 2012; Davidson et al., 2012; O'Carroll et al., 2008).  

6.2 Future directions 

Based on the above studies, future directions could aim to: 

 Develop and characterise a chronic model of DR 
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While the mouse model developed in this study displayed many signs of DR, it is a rather acute 

model with effects seen within seven days. However, in the human condition, DR takes several 

years to develop. Further studies could therefore investigate the possibility of prolonging the 

time it takes for the disease signs to develop. One way could be by reducing the intravitreal pro-

inflammatory cytokine concentrations and studying animals over longer time periods.  

 Determine the effectiveness of Peptide5 in DR treatment after the disease pathogenesis 

has been established 

While the results of this thesis clearly show that Peptide5 is effective at treating DR signs in 

vitro and in vivo, it is important to note that Peptide5 was used as a prophylactic with the 

treatment applied at the same time as injury. Therefore, further studies are required to evaluate 

Peptide5 efficacy in DR treatment after the disease pathogenesis has been established.  

 Evaluate the role of other connexin gap junction proteins and their hemichannels in DR 

The only connexin43 hemichannel blocker used in this study was Peptide5, a blocker specific 

to connexin43 hemichannels. However, it is possible that other connexin gap junction proteins 

(such as connexin37 and connexin45) and their hemichannels play a role in the DR pathology 

given that other connexin isotypes are known to be expressed in the retina (Danesh-Meyer et 

al., 2016). Furthermore, studies have reported that other connexins play a role in diseases 

affecting other organ systems (Leybaert et al., 2017).  

In conclusion, the findings of this thesis have unequivocally shown that the DR pathology is 

characterised by a combination of hyperglycaemia and inflammation. Furthermore, connexin43 

hemichannels have been shown to play a key role in the disease pathogenesis by modulating 

the inflammasome pathway through ATP release. Furthermore, connexin43 hemichannel block 

is effective at reducing vessel leak and inflammation in DR when used as a prophylactic. 

Therefore, the findings of this thesis have significantly advanced our understanding of the 

pathogenesis of DR and suggest Peptide5 as a potential new therapy for DR. 
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Appendix I: Determination of glucose and cytokine concentrations using  the 

LDH assay in hRMECs and ARPE-19 cells 

Cells were seeded in 24-well plates at 2.5 × 105 cells/mL and incubated in culture medium. The 

following day, the cell growth medium was changed to culture medium containing treatments. 

For hRMECs, cells were exposed to increasing glucose concentrations (5, 10, 25, 50 mM), 

increasing concentrations of IL-1β and TNF-α (5, 10, 20 ng/mL), or a combination of HG (25 

mM) and cytokines (10 ng/mL of each). For ARPE-19 cells, cells were exposed to increasing 

glucose concentrations (0, 15, 30, 45 mM), increasing concentrations of IL-1β and TNF-α (5, 

10, 20 ng/mL), or a combination of HG (32.5 mM) and cytokines (10 ng/mL of each). After 24 

h of incubation, 50 µL of culture medium was taken from each well to measure LDH release. 

The sample size was six wells per group, repeated three times in separate experiments. LDH 

released into the incubation medium was assessed using an LDH assay kit as per manufacturer 

instructions (Sigma-Aldrich, USA). In brief, LDH reduces NAD to NAD+, which then converts 

a tetrazolium dye to soluble and coloured formazan. A Synergy 2 multi-mode plate reader 

(BioTek Instruments Inc., USA) was used to measure the absorbance of the formazan dye in 

the medium at 490 nm wavelength (OD490). LDH release (%) was calculated relative to basal 

conditions using the following formula:  (OD490 of injured/treated group – OD490 of untreated 

group)/ (OD490 of untreated group) × 100%.  

Our results showed that HG alone did not increase LDH release relative to basal conditions for 

both hRMEC and ARPE-19 cells. Similar results were obtained with mannitol which was used 

as an osmolarity control for glucose. When hRMECs grown under normal glucose conditions 

were stimulated with pro-inflammatory cytokines IL-1β and TNF-α, there was an increase in 

LDH release with a combination of both cytokines at all concentrations studied (Figure I). 

However, ARPE-19 cells grown under normal glucose conditions stimulated with pro-

inflammatory cytokines IL-1β and TNF-α, did not release LDH with either cytokine alone and 

only induced low amounts of LDH when the cells were stimulated with a combination of IL-

1β and TNF-α at 20 ng/mL. The difference between the two cell lines could be due to the fact 

that ARPE-19 cells are immortalised cells therefore are likely to be more robust as compared 

to the primary hRMEC cells. Nonetheless, co-stimulation with HG and pro-inflammatory 

cytokines resulted in higher LDH release relative to basal, pro-inflammatory cytokines only 

and HG only conditions in both hRMECs and ARPE-19 cells. 
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Figure I: Effect of high glucose and pro-inflammatory cytokines (IL-1β and TNF-α) on LDH release by (A-

C) hRMECs and (D-F) ARPE-19 cells 

Increasing glucose concentrations from 5 to 50 mM did not induce LDH release by (A) hRMECs and (D) ARPE-

19 cells. (B) Increasing cytokine concentrations induced LDH release by hRMECs when cells were exposed to 

both cytokines together at 5, 10, and 20 ng/mL of each cytokine. (C) However, increasing cytokine concentrations 

induced LDH release in ARPE-19 cells onlywhen cells were exposed to a combination of both cytokines at 20 

ng/mL. A combination of high glucose and cytokines induced significantly higher LDH release by (C) hRMECs 

and (F) ARPE-19 cells compared to basal, high glucose alone and cytokines alone.  
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Appendix II: Secondary antibody controls for ARPE-19 cells 

 

Figure II: Secondary antibody controls for ARPE-19 cells.  

ARPE-19 cells show weak staining when labelled for goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Cy3. 

Cell nuclei stained with DAPI. Scale bar = 50 µm.  
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Appendix III: Standard curves and bead profiles for CBA experiments 

 

Figure III: Standard curves and bead profiles for CBA experiments 

(A) Standard curves for all cytokines studied showed R2 values higher than 0.98 which suggests strong linearity. 

(B) A scatter plot of the forward scatter area (FSC-A) versus side scatter area (SSC-A) showed that the beads were 

of uniform size. The bead size is directly correlated to light scattering properties therefore uniform size beads 

increase the accuracy of quantification. The R1 gate highlights the beads that are used for the experiment. (C) A 

scatter plot showing the bead clustering based on their distinctive fluorescence qualities. There is a clear separation 

between the beads therefore no bleed through of signal during fluorescence detection is expected.  
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Appendix IV: Release of anti-inflammatory cytokine, IL-10, in response to 

high glucose, pro-inflammatory cytokines and Peptide5 treatment 

 

Figure IV: Release of anti-inflammatory cytokine, IL-10, in response to high glucose, pro-inflammatory 

cytokines and Peptide5 treatment.  

(A) IL-10 standard curve showed R2 values higher than 0.98 which suggests strong linearity. (B) There is no 

statistically significant difference in IL-10 release between basal, HG, Cytokines and HG + Cytokines conditions. 

(C) Peptide5 treatment does not stimulate an increase in IL-10 release following HG + Cytokines.  
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Appendix V: Determination of optimal intravitreal cytokine concentration 

to induce inflammation in non-obese diabetic (NOD) mouse retinas (Pilot 

Study) 

The first cytokine concentration trialled was 50 ng/mL per cytokine which resulted in a vitreous 

concentration of approximately 10 ng per cytokine, the same concentration used in in vitro 

studies (Chapters 2 and 3). Fundus images showed vessel dilation at 24 h that resolved by 48 h 

without retinal abnormalities in the OCT traces at either time-point (Figure V). Therefore the 

cytokine concentration was increased to 100 ng/mL per cytokine, resulting in a vitreous 

concentration of approximately 20 ng per cytokine. Fundus images revealed vessel dilation to 

a higher extent at 24 h. By 48 h, the vessel dilation subsided and was replaced by vessel beading. 

However, while the effects seen in fundus images were more pronounced with 100 ng/mL of 

cytokines compared to the lower dose, OCT traces revealed no change in the retina at both time-

points studied. As a result, the cytokine concentration was further increased to 500 ng/mL which 

gave a vitreous concentration of approximately 100 ng per cytokine. Results showed that similar 

to the 100 ng/mL dose, there was an increase in vessel dilation at 24 h and vessel beading at 48 

h. However, in addition to these vascular changes OCT traces at 48 h revealed intra-retinal 

abnormalities, possibly photoreceptor layer disruptions. On that basis, this cytokine 

concentration was chosen for the proposed study.  
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Figure V: Determination of optimal intravitreal cytokine concentration to induce inflammation in mouse 

retinas 

Fundus images and OCT traces of NOD mouse retinas following intravitreal cytokine (IL-1β and TNF-α) injection 

at 50, 100, and 500 ng/mL doses. (A) Results showed the presence of vessel dilation at all doses at 24 h. By 48 h, 

vessel dilation was replaced by vessel beading in mice injected with 100 and 500 ng/mL of both cytokines but not 

50 ng/mL. White arrows indicate dilated vessels and red arrows indicate vessel beading. (B) OCT traces showed 

no abnormalities at 24 and 48 h in retinas treated with 50 ng/mL and 100 ng/mL of both cytokines. However, intra-

retinal abnormalities were present in retinas treated with 500 ng/mL of both cytokines (red arrows).  
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Appendix VI: Secondary antibody controls for retina and optic nerve 

 

Figure VI: Secondary antibody controls for retina and optic nerve 

Secondary antibody controls show weak non-specific labelling by secondary antibodies. Scale bar = 25 µm.  
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