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Abstract  
 
 
Worldwide, age-related macular degeneration (AMD) is one of the most frequently ocurring diseases 

associated with blindness. Previous studies have provided evidence for the role of inflammation and 

oxidative stress in AMD progression. It has also been found that connexin hemichannels play a role in 

the disease‟s pathology. In the normal eye, hemichannels are in a closed state or docked together 

forming gap junctions for intercellular communication. However, there is undocking of hemichannels 

and abnormal opening during inflammation and oxidative stress leading to a series of events that result 

in vascular leakage, further inflammation and cell death.  

 

Connexin43 mimetic peptides are connexin modulators that have been successfully applied to prevent 

blood vessel leak and to control inflammation in in vitro and in vivo models of acute ocular disease. A 

novel connexin modulator, tonabersat, that previously reached phase II clinical trials for the treatment 

of migraine, has been shown to reduce the activity of neurons after cellular injury. Despite its 

therapeutic potential, the impact of this connexin modulator on ocular injury, particularly its effect on 

inflammation and retinal function, had not been established.  

 

It is proposed that hemichannels confer damage by releasing excessive amounts of ATP that change the 

tissue environment in pathologies. Pannexin channels are also classically described as ATP releasing 

channels during injury. Therefore the role of pannexins and connexins in injury of the retina in this 

animal model needed further experimental evidence. Thus, the aim of this thesis was to determine the 

effect of hemichannel blockers (Cx43 mimetic peptides, tonabersat) and pannexin channel-blockers 

(probenecid) in an animal model of oxidative stress and inflammation mimicking the early stages of 

AMD. The animal model used was the bright light-induced chorio-retinal damage model that has been 

extensively used as a model of retinal degeneration. 

  

The treatment delivery method has been an important factor in the success of other ocular therapies and 

therefore intravitreal, systemic and oral delivery methods together with novel drug carrier formulations 

(nanoparticles) were trialled to assess the efficacy of the treatment long term. Using 

electroretinography, optical coherence tomography imaging and molecular approaches investigation 

was performed to further understand the potential of these novel connexin based treatments in the 

treatment of early signs of the disease.  

 

The study of tonabersat treatment was further extended to its effect on diabetes-induced ocular 

indications. A spontaneous diabetic rat was discovered during routine analysis of the University of 
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Auckland Sprague-Dawley rat colony. The rats developed ocular vascular lesions, inflammation and 

cell damage typical of signs seen in diabetic retinopathy (DR). Tonabersat treatment was applied and 

lesions were monitored.  

 

Taken together, this study provides a thorough understanding for the potential of in vivo connexin-

based therapies to reduce functional and structural damage associated with retinal degeneration 

conditions such as AMD and DR.  
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Chapter 1: Understanding intercellular interactions – exploring drug 

delivery and outcome benefits for ocular diseases 
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1.1 Introduction 

 

A large and growing body of literature has reported investigations into the mechanisms that lead to retinal 

degeneration. However, investigations into therapeutic strategies are also needed. One of the conditions 

affecting humans for which new therapies are required is age-related macular degeneration (AMD). This is 

a condition where oxidative stress plays a pivotal role in developing and accelerating the age-

related disease which is a prominent cause of vision loss and the high prevalence of blindness in the 

Western world (Cook et al., 2008; Klein & Klein, 2013; Wong et al., 2014). Section 1.6 in this literature 

review describes the clinical presentation and molecular pathways affected in the disease and fundamental 

risk factors that have been used to model the disease in animals. An acute model of retinal degeneration 

has been created by exposing albino rats to intense light, causing oxidative stress, inflammation and 

morphological changes in the retina and choroid that mimic the pathophysiology of the human condition, 

AMD (Grimm & Reme, 2013; Guo et al., 2014; Marquioni-Ramella & Suburo, 2015). Thus, sections 1.9 

and 1.10 describe advances made in understanding the pathology in this animal model of AMD. 

 

In terms of the mechanisms of pathology, this thesis focuses on the role of hemichannels in disease. 

Several reports have shown that changes in connexin expression in the central nervous system including 

the eyes are associated with cell and tissue dysfunction and inflammatory processes that lead to retinal 

degeneration (Laird, 2006; Sohl et al., 2000; Tonkin et al., 2014). For example, this current investigation 

emerged from knowledge of connexin channels as contributing to the pathology of retinal degeneration 

(Guo et al., 2014). Gap junctions are membrane channels formed by connexin proteins that allow for 

intercellular communication and which have a major role in bidirectional movement of ions and 

metabolites to maintain normal vision (Bennett et al., 1994; Nagy & Rash, 2000). However, the opening of 

undocked hemichannels has more recently been proposed as associated with pathology (Davidson et al., 

2014; Davidson et al., 2015; Mugisho et al., 2018; O'Carroll et al., 2008). Pannexin channels have also 

been suggested as contributing to pathology and are concurrently assessed in this thesis. A detailed review 

of the literature on connexin and pannexin channels is presented in sections 1.4 and 1.5. 

 

This thesis focuses in particular on the investigation of various Cx43 hemichannel inhibitors, and one 

pannexin modulator, in the light-damaged rat model and on a new model of spontaneous diabetes causing 

diabetic retinopathy. Retinal functionality was assessed using electroretinograms (ERG) and tissue images 

collected using optical coherence tomography (OCT). Analysis at the molecular level was carried out using 

immunohistochemistry and Western blotting. The thesis comprises eight chapters. In Section 1.2 the very 
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basic anatomy of the eye and pathways is reviewed to inform later discussion of the changes in the animal 

model and intervention strategies. A summary of different drug delivery methods is included in Section 

1.11, followed by a detailed description of the methods used in this investigation in Chapter 2. 

 

 

1.2 Anatomy of the eye 

 

The eye is a complex structure and even though the human eye is only 2.5 cm in diameter, it is 

fundamental to vision. In basic terms, the function of the human eye can be divided into two parts – the 

anterior segment that projects light onto the retina and the posterior segment whose major task is to convert 

the light stimulus into an electrical signal for transmission to the brain. The anterior segment tissues consist 

of conjunctiva, a thin tear film, anterior sclera, cornea, iris, aqueous humour, ciliary body and lens. The 

posterior segment consists of the vitreous, posterior sclera, choroid and the retina as shown in Figure 1.1.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Near-axial section of the adult human eye. Adapted from (Kolb, 1995) and used with non-

exclusive rights under Creative Commons Attribution Non-commercial 4.0 International (CC BY-NC) 

Creative Commons license. 
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1.2.1 Anatomy and physiology of the anterior segment of the eye 

 

This study evaluates the effect of potential therapeutic drugs on pathologies of the posterior segment. 

However, given the important role of the anterior segment for the optics of the eye, a brief explanation of 

the normal structure of those tissues is offered.  The cornea is the window to the eye and has a thickness of 

about 0.5 mm comprised of three main layers: a stratified squamous non-keratinising epithelium, the 

stroma forming the bulk of the cornea and a single cell layer endothelium. The functions of the cornea are 

to protect the internal ocular structures and together with the lens, to refract and focus light onto the retina 

(Akpek & Gottsch, 2003). The conjunctiva is a clear, thin and moist tissue that coats the outer surface of 

the eye (apart from the cornea) and the inner surfaces of the eyelids. The conjunctiva has an epithelium, 

with a basement membrane of loose connective tissue called the lamina propria. The conjunctiva is well 

lubricated due to the presence of goblet cells secreting mucous. Previous studies have reported abundant 

lymphocytes and plasma cells in the conjunctiva. In the lamina propria, these cells form the conjunctiva-

associated lymphoid tissue (Gichuhi et al., 2014; Harvey et al., 2013; Hingorani et al., 1997; Knop & 

Knop, 2007). 

 

The iris plays an important role in controlling the amount of light that enters the eye. Studies have 

indicated that people with less ocular pigmentation in the eye and who have had long-term exposure to 

intense light may be more prone to ocular pathologies (Peters et al., 2006). However, there seems to be no 

direct correlation between pathological signs and a lack of melanin in the iris. In fact, one study examined 

the relationship between AMD and history of sun exposure and iris colour but found no significant 

association with AMD (Khan et al., 2006). 

 

The anterior part of the eye in front of the lens is divided into two chambers: the anterior and posterior 

chambers. The anterior and posterior chambers are filled with aqueous humour, a transparent fluid that 

provides nutrition to the crystalline lens and the cornea, both of which lack a blood supply. Aqueous 

humour plays a major role in maintaining intraocular pressure (IOP) in the eye. Normally, IOP in the eye is 

determined by the balance of secretion and drainage of aqueous humour via ciliary processes and the 

iridocorneal angle, respectively. Drainage plays an important role in maintaining normal pressure in the 

eye and occurs via a meshwork of drainage canals located around the edge of the iris (Goel et al., 2010). 

The main function of the ciliary body is to produce and secrete the aqueous humour. The musculature of 

the pars plana allows for a smooth aqueous outflow (Goel et al., 2013).  
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The crystalline lens is an avascular and transparent structure. The lens is the most anterior structure of the 

vitreous chamber and the most posterior of the aqueous chamber, and lies behind the iris. The diameter of 

the lens increases to 9 mm during teenage years and remains fairly constant in size in older people (Imesch 

et al., 1996), although recently investigators have found a small age-related increase in diameter. The lens 

consumes glucose from the aqueous humour. Due to its low concentration of oxygen, 70% of adenosine 

triphosphate (ATP) in the lens is produced via anaerobic metabolism. One of the major proteins in the lens 

is α-crystallin, contributing up to 40% of its protein content (Horwitz et al., 1999). The primary function of 

the lens is refraction of light to the retina (Horwitz et al., 1999). 

 

 

1.2.2  Anatomy and physiology of the posterior segment of the eye 

 

The retina is a light-sensitive layer that together with the vitreous, posterior sclera and choroid forms the 

posterior segment of the eye. The retina is a highly complex structure located between the retinal 

pigmented epithelium (RPE) and the vitreous. The thickness of the retina is estimated to be 200-250 

micrometres in primates.  The central part of the retina is the fovea. The fovea has a horizontal diameter of 

approximately 1.5 mm within the macula, with the foveola at its centre. The physiological anatomy of the 

centre of the fovea provides the high visual acuity of the human eye. Several studies have revealed that the 

fovea has the highest concentration of cones in the retina in an estimated range of 199,000 to 300,000 

cones per square millimetre (Goes, 2013). The parafovea circumscribes the fovea and the perifovea 

surrounds the parafovea. In combination, these areas within the macula are responsible for sharp vision in 

the human eye (Ahnelt, 1998; Curcio et al., 1990; Wassle, 2004). In rodents, there is no specialised macula 

area. Nevertheless the pathology leading to retinal damage in rats is similar to the pathology of AMD and 

it has been suggested that underlying mechanisms rather than anatomical specialisation are the cause of the 

disease.  

 

The vitreous is a highly transparent gel that fills the cavity behind the lens and anterior to the retina. It is 

mainly composed of water (98.5 − 99.7%). A small percentage of the solution is salt, connective tissue, 

soluble proteins and hyaluronic acid contained within a meshwork of the insoluble protein known as 

collagen. Previous studies have reported that the ciliary body pars plana epithelium makes a significant 

contribution to secretion of connective tissue and macromolecules in the vitreous body.  The vitreous 

offers passive support to the surrounding tissues and contributes in the regulation of intraocular oxygen 

levels via ascorbate. For example, as oxygen diffuses into the vitreous from blood vessels in the retina, 
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vitreous ascorbate binds with oxygen to form dehydroascorbate and water as a temporarily medium for the 

oxygen before it reaches the lens, thus providing protection from oxidative stress (Holekamp, 2010; 

Remington, 1998). Some studies have suggested that vitreous contact with the retina provides exposure of 

the tissue to free radicals and cytokines that may possibly be one of the causes of AMD in eyes with 

attached vitreous (Krebs et al., 2007; Mennel et al., 2011; Ondes et al., 2000). 

 

The sclera is the superficial coat of the eyeball and includes the anterior and posterior sclera. The sclera is 

also known as the „white of the eye‟ and is a strong fibrous structure that covers most of the eyeball. The 

episclera, which is loose and vascularised, lies exteriorly to the eye globe. The opacity of the sclera results 

from its glycosaminoglycans, water content and distribution of collagen fibrils. The anterior sclera is 

visible through the conjunctiva and its white colour becomes coloured with age or disease. The main 

functions of the sclera are to maintain the shape of the eye, offering protection from internal and external 

forces, and to provide an attachment for insertion of the extraocular muscle. The thickness of the sclera 

varies from 0.3 mm behind the rectus muscle insertions to 1 mm at the posterior pole (Remington, 2012). 

Scleral rigidity has been shown to increase in the aging eye, (Pallikaris et al., 2005) and in patients with 

AMD (Friedman et al., 1989). Changes in thickness can influence the choriocapillaris, setting the stage for 

reduced choriocapillaris flow as has been suggested in AMD (McLeod et al., 2009). 

 

The choroid is located between the sclera and the retina and extends from the ora serrata to the optic nerve. 

The choroid can be divided into several layers: suprachoroidal lamina, choroidal stroma, choriocapillaris 

and Bruch‟s membrane. The suprachoroid lamina lies between the sclera and the choroidal vessels of the 

stroma. It contains components of the sclera. The choroidal stroma is pigmented and contains melanocytes, 

fibroblasts, macrophages, lymphocytes and mast cells. The choriocapillaris is a specialised capillary bed 

and forms a single layer of fenestrated capillaries with wide lumens. The innermost part of the choroid is 

known as Bruch‟s membrane, which forms the basal membrane for the RPE. The vascular choroid 

provides nutrients and allows exchange of gases with the outer retina, with these passing through Bruch‟s 

membrane from the choriocapillaris. With aging, waste material is deposited in the collagenous zone of 

Bruch‟s membrane. These deposits, also known as drusen, can be recognised in clinical examinations 

(Foulds, 1990; Hirata et al., 2003) and are one of the features of the dry/atrophic form of AMD. 
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1.2.3  Overview of the retina 

 

Under light microscopy it is evident that the retina consists of 10 layers (including the RPE; Kolb, 1995). 

They are: 1) the retinal pigment epithelium, 2) the photoreceptor cell layer 3) the outer nuclear layer, 4) the 

outer limiting membrane, 5) the outer plexiform layer, 6) the inner nuclear layer, 7) the inner plexiform 

layer, 8) the ganglion cell layer, 9) the nerve fibre layer, and 10) the inner limiting membrane (Figure 1-2). 

The nuclear layers consist of a single layer of retinal pigment epithelium and three layers of neuronal cell 

bodies. Between the nuclear layers are the cell processes and their synaptic terminals.  Histologically, the 

morphology of the retina is as described in Figure 1.2 below. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
  
Figure 1.2: Toluidine blue staining of the rat retina showing the layered structure of the retina and a 

diagram of the cells that reside in each layer. 

 

 

1.2.4 Retinal pigment epithelium 

 

The RPE is the outermost retinal layer and consists of a single layer of pigmented hexagonal cells. There 

are an estimated 4-6 million RPE cells in the human eye and each cell interacts with 30–40 photoreceptors 

in the photoreceptor cell layer in the middle of the eye and more than 60 in the periphery (La Cour, 2008; 

    Retinal ganglion cell 
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              Amacrine cell 
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             Horizontal cell 
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Panda-Jonas et al., 1996). RPE cells are more dense in the fovea (5,000 cells/mm
2
) compared with the 

periphery (2,000 cells/mm
2
) (La Cour, 2003). These hexagonal cells are columnar in the posterior pole, 

and longer, narrower and more densely pigmented in the macular area (Bhutto & Lutty, 2012).  Towards 

the ora serrata, the RPE cells become larger and more cuboidal. The basal side of the RPE cells has 

numerous foldings in order to adhere to the basement membrane adjacent to the choroid which forms part 

of Bruch‟s membrane. The RPE cells contain numerous melanosomes (pigmented granules). Melanosomes 

are present from the apical end to the middle portion of the cells. Pigment density differs in various areas 

and melanin is densest in the macula and at the equator of the eye (Boulton & Dayhaw-Barker, 2001). 

There are more organelles, smooth and rough endoplasmic reticulum, Golgi apparatus, mitochondria and 

lysosomes in RPE cell cytoplasm than in the average cell. The apical portion of RPE consists of microvilli 

that extend into the photoreceptor cell layer. Between each hexagonal cell, there are desmosomes for cell-

to-cell adhesion and gap junctions for electrical coupling and passage of ions and metabolites (Ramsden et 

al., 2013). Previous research has established that the RPE functions to transport ions and water from the 

subretinal spaces to the choriocapillaris and also acts as part of the outer blood-retinal barrier, regulating 

the passage of molecules from blood to the tissue. A high volume of water is produced in the retina as a 

consequence of the natural process of metabolic turnover in the inner retina and photoreceptors. Ions and 

water cannot easily pass through the RPE intercellular space and need special transcellular pathways such 

as hemichannels and aquaporin channels (Pearson et al., 2005; Simo et al., 2010). Many retinal 

degeneration conditions show damage to the RPE in their early stages. Undoubtedly, loss of the blood 

barrier contributes to disease as does RPE‟s diminished role in maintaining the rods and cones, especially 

the rods whose discarded outer segment discs are phagocytosed by the RPE. 

 

 

1.2.5 The outer retinal layers  

 

The photoreceptor layer consists of inner and outer segments of rods and cones and it is in this layer that 

their photopigment absorbs photons of light. The rods and cones form the first-order nerve cells in the 

visual pathway in the outer nuclear layer of retina. The rods contain the visual pigment rhodopsin and are 

maximally sensitive to the intensity of blue-green light with peak wavelength 500 nm. Rods are highly 

sensitive photoreceptors and thus allow vision in night conditions, whereas the cones contain the visual 

pigment opsin and are sensitive to red, green and blue wavelengths. Cones play a major role during 

daylight and in colour perception. The physiology of rod and cone cells is described in detail in Table 1.1. 
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Table 1.1: Comparison between rod and cone cell properties. Adapted from (Ebrey & Koutalos, 2001; 

Joselevitch, 2008). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The photoreceptor layer also contains the apical surfaces of Müller cells that extend into the photoreceptor 

layer to form the external limiting membrane at the intersection of the outer nuclear layer and inner 

segments (Levin, 2003; Olver et al., 1990). The external limiting membrane (ELM) is not a true layer and 

consists of zonula adherens between Müller cells and photoreceptors. It has been conclusively shown that 

zonula adherens act as a metabolic barrier restricting the passage of large molecules (Cohen, 1992). The 

integrity of the ELM appears to have a critical role in restoration of the photoreceptor microstructures; 

however it is subject to severe damage under intense light. In one study the ELM was completely disrupted 

after seven days exposure to intense light (Sun et al., 2007). 

 

The outer nuclear layer (ONL) consists of the rod and cone cell bodies. The ONL is estimated to be 8−9 

cells thick on the nasal side of the optic disc and 4 rows thick on the temporal side. In the central and 

peripheral retina, the cell bodies of rods and cones have the same thickness, although overall the rod cell 

Properties of Rod and Cone Cell 

 
Rods Cones 

General morphology Cylindrical outer segments  Conical outer segments 

Photopigments Rhodopsin photopigment Cone Opsin photopigment  

Response speed Slow response: long 

integration time 

Fast response: short integration 

time 

Saturation  Yes 

 

No  

 

Rate of dark 

adaptation 

Slow 

 

Fast  

 

Ability to light adapt Limited 

 

Large  

 

Sensitivity  High sensitivity 

 

Lower absolute sensitivity 

 

Acuity  Low acuity 

 

High acuity 

 

Types of pigment 
Achromatic: one type of 

pigment 

Chromatic: three types of 

pigment 
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body and its nucleus are smaller compared to the cone. The ONL is at its thickest at the fovea with 

approximately 10 layers of cone nuclei (Remington, 2012). The cones have oblique axons and in 

conjunction with the Müller cell processes they form a pale-staining fibrous layer known as the Henle fibre 

layer (Kolb, 1995). 

 

The outer plexiform layer (OPL) consists of synapse forming processes of rods and cones in interaction 

with bipolar and horizontal cells. There is a narrow inner band containing synapses between cells from the 

ONL and bipolar cells. Bipolar dendrites and horizontal cell processes form synapses with rod spherules 

and cone pedicles in the OPL. The horizontal cells make non-synaptic contact with each other via gap 

junctions (Kolb, 2011). In this area the photoreceptors form a cytomatrix specialisation or membrane plate 

called the synaptic ribbon (Kolb & Dekorver, 1991). The OPL changes with pathology, but this is usually 

seen in the late stages of the degeneration process.  

 

 

1.2.6 The inner retinal layers 

 

The inner nuclear layer (INL) consists of the cell bodies of horizontal cells, amacrine cells, bipolar cells, 

interplexiform neurons and Müller cells. The INL is thicker in the central area of the retina compared to 

the peripheral retina due to a greater density of cells in that area. The cells in the INL form the lateral 

pathways for the transmitted „vertical‟ electrical signals and modulate transient spikes sent from 

photoreceptors to the ganglion cell via cone bipolar cells, which are classified as ON or OFF, and the rod 

bipolar ON pathways (Cepko, 2014; Wassle, 2004).  

 

The horizontal cells are located at the intersection of the INL and the OPL of the retina. They have a long 

axon and short dendrites with branching terminals. Horizontal cells form synapses with photoreceptors, 

bipolar cells and adjacent horizontal cells. Horizontal cells can act with an inhibitory response and play a 

major role in deciphering the complexity of visual integration (Flores-Herr et al., 2001). The horizontal 

cells in primates can be divided into three types: HI cells consist of a dendrite that synapses with 7–18 

cones; HII cells synapse with dendrites and axons to the blue cones (Kolb et al., 1992); and HIII cells 

which have larger dendritic trees and have been shown to synapse selectively to red and green cones (Kolb 

et al., 1992). Horizontal cells provide inhibitory feedback to the rod and cone of the photoreceptors, with 

the inhibitory neurotransmitter gamma aminobutyric acid (GABA) found in the horizontal cells in most 

retinas. 
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Bipolar cells are the second-order nerve cells in the visual pathway, and are located between the 

photoreceptors and ganglion cells. The bodies of bipolar cells contain minimal cytoplasm and large nuclei. 

The bipolar dendrite synapses with horizontal cells and photoreceptors and its axons synapse with 

amacrine and ganglion cells. As with photoreceptors, the main neurotransmitter of the bipolar cell is 

glutamate. Based on their morphology, physiology and dendritic contact to photoreceptors, 12 types of 

bipolar cells have been identified (Sethuramanujam & Slaughter, 2015). However, they can be divided into 

three categories. The rod bipolar cell is the only bipolar cell associated with the rods. The midget bipolar 

cell has a relatively small cell body and only makes contact with the flat area of the cone pedicle. The 

invaginating midget bipolar cells are basically the same as midget bipolar cells but the dendritic processes 

are located at the pedicle invaginations. The specific function of invagination is unknown, but it has been 

suggested it limits diffusion of the neurotransmitter released by the cone or horizontal cells to provide 

negative feedback.  

 

Amacrine cells have a large cell body with a lobulated nucleus and dendrites that branch extensively. 

Amacrine cells are interneurons that interact vertically with direct pathways to the photoreceptor, bipolar 

and ganglion cells. They are located at the INL of the retina and actively integrate and modulate the visual 

message carried to ganglion cells. There are various types of amacrine cells classified according to their 

appearance: stratified or diffuse. On the other hand, amacrine cells can also be classified into four groups: 

narrow field, small field, medium field and large field, depending on their intertwined branching processes 

(Kolb, 1997; Kolb et al., 1992). Amacrine cells have both presynaptic and postsynaptic endings and 

contain the inhibitory neurotransmitters GABA and glycine (Crook & Pow, 1997). Amacrine cells connect 

to adjacent amacrine cells via gap junctions and form connections with both cone and rod pathways before 

synapsing with a ganglion cell (Kolb & Dekorver, 1991).  

 

The inner plexiform layer (IPL) consists of synaptic connections between the dendrites of ganglion cells, 

the axons of bipolar cells and amacrine cell dendrites. The axons of invaginating midget bipolar cells end 

in the inner half of the IPL, and the axons of flat midget bipolar cells end in the outer half of the IPL (Kolb 

et al., 1992). The IPL is the site where information is sorted into pathways. During information processing 

in the retina, retinal neurons in each layer are recognised as ON or OFF cells. A cell that is hyperpolarised 

is called an OFF cell, usually responding to light off, and a cell that is depolarised is called ON with light 

on. The IPL is also organised into ON and OFF layers. OFF bipolar cells synapse in the sublamina a, and 

ON bipolar cells synapse in the sublamina b (Remington, 2012). 
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The third order nerve cells are the ganglion cells, which lie in the most inner layer of the retina. Their 

morphology is diverse; ganglion cells can have a single axon and dendrite, or be multipolar with a single 

axon and more than one dendrite. Several classifications of ganglion cells have been made based on cell 

body size, branching, termination points of the dendrites and the expanse of the dendritic tree (Kolb et al., 

1992). As a result 18  different types of ganglion cells have been identified (Kolb et al., 1992), but really  

there are two major types: M and P cells. M cells project to magnocellular layers of the lateral geniculate 

nucleus (LGN) and have fast conducting properties, whereas P cells project to the parvocellular layers of 

the LGN and have slow conducting properties. P cells have been further subdivided into P1 ganglion cells, 

also known as midget cells with a single dendrite, and P2 which are small bistratified cells with densely 

branched dendrites (Dacey & Petersen, 1992). The thickness of the ganglion cell layer varies. It is thickest 

in the perifovea close to the optic nerve and decreases to a single layer in the periphery of the retina. 

Previous studies have indicated that all ganglion cells label strongly with antibodies to glutamate in both 

rodent and human retinas (Crooks & Kolb, 1992).  

 

The ganglion cells form the final output neurons and receive electrical signals from two layers of nerve 

cells; through the vertical pathway from photoreceptors via bipolar to ganglion cells, and the lateral 

pathway that modulates the signal via horizontal and amacrine cells. In order to send the information to the 

brain, the ganglion cells are larger. They integrate information from preceding retinal interneurons and 

transmit it via larger diameter axons that contact directly and specifically in the LGN, thalamus, 

hypothalamus and superior colliculus (Erskine & Herrera, 2014). The processes of Müller cells separate 

the ganglion cells, although they may lie side by side (Ramirez et al., 1996). The ganglion cell layer also 

contains the displaced amacrine cells that send their processes inward to the IPL (Cohen, 1992). Heading 

out towards to the ora serrata, the number of ganglion cells gradually diminishes as this is the non-

information processing area of the retina.  

 

The nerve fibre layer (NFL), also known as stratum opticum, consists of ganglion cell axons. The NFL lies 

parallel to the retinal surface and the fibres are unmyelinated. All of the fibres come together at the optic 

disc to become the optic nerve. The NFL axons are accompanied by astrocytes separated into small 

bundles by the internal limiting membrane and Müller cells processes. The function of the NFL is to carry 

retinal information to the visual cortex (Radius, 1979; Tatham et al., 2013). Microglia and blood vessels 

are also present in this layer. The internal limiting membrane forms the innermost part of the retina and 

separates it from the vitreous humour. The surface of the internal limiting membrane is uneven due to the 



13 
 

extensive and expanded terminations of Müller cells covered by basement membrane (RamÍRez et al., 

1996). 

 

 

1.2.7 Müller cells, microglia cells and astrocytes 

 

Müller cells, also known as Müller glia, are the predominant glial cell type in the mammalian retina. 

Previous studies have indicated there are 10 million Müller cells in the mammalian retina. The basal part 

of the Müller cell is on the vitreous side and the apex is at the photoreceptor layer (Newman & 

Reichenbach, 1996). Müller cells have a supportive role in neurotransmitter recycling and in maintaining 

the molecular environment for cone photoreceptors. To do this, Müller cells act as a molecular buffer by 

regulating the concentration of potassium ions and the reuptake of the neurotransmitters GABA and 

glutamate. Furthermore, Müller cells have been identified as important cells for maintaining the survival 

and function of the photoreceptors through producing endogenous vascular endothelial growth factor 

(VEGF) (Bai et al., 2009). Under stress these cells respond rapidly by moving molecules within the length 

of the cell, a process that is accompanied by modification of cell cytoskeleton, with glial fibrillary acidic 

protein (GFAP) expression usually used as marker to detect this event. 

 

Astrocytes can be found in the nerve fibre layer, ganglion cell layer, and forming the blood barrier of blood 

vessels in the inner plexiform layer and inner nuclear layer of the retina. Astrocytes are arranged 

perpendicularly to Müller cells and appear as an irregular honeycomb scaffold (Wang et al., 2012). 

Astrocytes contain cytoplasmic structural fibrils together with GFAP. It has been demonstrated that 

damage to the inner limiting membrane layer can induce the astrocytes to multiply in the subhyaloid space. 

In a light damaged animal model, light-damage induced up-regulation of GFAP in both Müller cells and 

astrocytes (Guo et al., 2014). 

 

Microglial cells are the main cells activated in an immune defence and it has been suggested they are a 

subpopulation derived from mononuclear phagocytes that reside in the retina (Merida et al., 2015). 

Microglia play a major role in neuronal homeostasis and host defence in the retina (Langmann, 2007). In a 

light damaged retina rat model, microglia became activated, acting as immune effectors by releasing 

chemokines and cytokines (Langmann, 2007).  Chemokines and cytokines are important driving factors for 

the directional migration of leukocytes to the damaged tissue (Adams & Lloyd, 1997; Sadik & Luster, 

2012).  
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1.2.8 Blood supply to the retina 

 

The retina is the highest oxygen consuming tissue in mammals. To meet this demand, the retinas in some 

species have a dual source of blood supply; the inner part of the retina being nourished by the central 

retinal vessels, and the outer part by choroidal blood vessels. The choroid has the greatest blood flow: 150 

mm/s flow rate compared to 25 mm/s in the central retina‟s artery circulation. The retina has a selective 

blood-retina barrier (BRB), similar to the blood-brain barrier. The BRB plays a vital role in preventing 

certain substances from crossing, and at the same time allows specific substances to enter the retina in 

order to support proper vision function (Runkle & Antonetti, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Sketch showing the location of the central retinal artery (and vein) that supplies nutrients to the 

inner part of the retina – the inner retinal blood barrier. 

 

The central retinal artery, with a diameter of 0.33 mm, arises as a branch of the ophthalmic artery (Figure 

1.3). The central retinal artery is the only source of nutrients for the inner retinal cells. At the centre of the 

optic nerve, the central retinal artery is accompanied by the central retinal vein. At the optic disk, the 

central retinal artery diameter decreases to 100 µm. The large vessel travels on the retinal surface within 

the nerve fibre layer beneath the inner limiting membrane. In humans, the central retinal artery branches 

into superior and inferior branches and then subdivides into superior and inferior branches again. Each of 

these four major arteries, the superior temporal artery, inferior temporal artery, superior nasal artery and 

inferior nasal artery, provide nutritional support to the retina. They have no overlap with each other. The 
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central retinal vein receives venous blood from the  vortex veins, drains the choroid and has four major 

branches: the superior temporal vein, inferior temporal vein, superior nasal vein and inferior nasal vein, 

which return blood to the heart (Runkle & Antonetti, 2011). There are more than four divisions of the 

central retinal artery in species such as rodents, with equal distribution in each quadrant.  

 

The outer blood retinal barrier is formed by the RPE cells. Nutrient supply to the outer retina comes from 

the blood within the choroidal circulation. The choroid has a pivotal role in nourishing the outer portion of 

the retina and RPE. It forms the posterior portion of the uveal tract, along with the iris and ciliary body. 

The average thickness of the choroid is estimated at 0.25 mm, but it can change in thickness in response to 

pressure, time of the day and with pathology. It consists of four layers. The Bruch‟s membrane forms the 

innermost layer of the choroid and next is the choriocapillaris layer where there are small size capillaries. 

The choriocapillaris is formed by attenuated and fenestrated endothelium (Braekevelt, 1983). A layer of 

medium diameter blood vessels then forms Sattler‟s layer, and Haller‟s layer is the outermost layer with 

large diameter blood vessels. Previous studies have reported that the choriocapillaris is a unique structure 

with a high degree of specialisation to provide nutrients to retinal areas that lack supply from the central 

retinal artery – the foveal area in humans. Such specialisation is not seen in rodents, but changes in the 

choroid have been observed in animal models of pathology.  

 

The normal anatomy of the retina described above serves as the basis for understanding the effects of 

various insults contributing to decline in function and morphology of the retina. This investigation 

concerns changes occurring in the intersection of the choroid-RPE-retina. One of the most notable diseases 

affecting this area is AMD, where connexin protein expression has been identified as an important new 

mediator of health and disease (Chanson et al., 2005; Danesh-Meyer et al., 2016). 

 

 

1.3  The connexin proteins 

 

The connexins are a family of homologous proteins that form aqueous channels connecting cells and 

mediating electrical and chemical communication. Gap junctions are widely distributed in mammalian 

tissues, and particularly in the central nervous system including the retina (Sohl et al., 2010).  The human 

connexin family consists of 21 connexins, with connexin 43 (Cx43) the most widely expressed (Kerr et al., 

2010). This thesis is focused on mechanisms of damage associated with Cx43, but the expression of other 

connexin proteins is relevant to pathology and so also described here. For instance, Cx26 is predominantly 
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found in the cochlea, liver, and placenta. However, connexins are co-expressed in most organs. For 

example, Cx26, Cx30, Cx30.3, Cx31, and Cx43 are expressed in keratinocytes, and Cx31.9, Cx40, Cx43, 

and Cx45 in cardiomyocytes (Bukauskas et al., 2006; van der Velden & Jongsma, 2002; Wiszniewski et 

al., 2000). Moreover, of the connexin family, Cx43 is the most ubiquitously expressed in various organs 

including the retina where it is expressed in astrocytes, Müller cells, microglia, and RPE (Danesh-Meyer et 

al., 2016). Table 1.2 summarises the tissue expression and function of the main gap junction proteins. 

 

 

Table 1.2: The comparative function of connexins in different tissues. 

Cx26 Predominant 

in skin and the 

inner ear 

(cochlea) and 

corneal 

endothelium 

Potassium recycling pathway of the cochlea 

and skin. 

(Hildebrand et al., 2008) 

Cx30 inner ear (co-

localized with 

Cx26) 

Recycling potassium ions that pass through 

hair cells during mechanotransduction back 

to the endolymph. 

(Kikuchi et al., 1995) 

Cx31 Predominant 

in outermost 

layer of the 

skin (the 

epidermis)  

Growth and maturation of cells in the 

epidermis. 

(Abrams et al., 2006) 

Cx43 Expressed in 

at least 35 

different 

tissues (such 

as cardiac 

myocytes) 

including eyes 

Epithelial and stromal integrity of cornea and 

its down-regulation is associated with 

keratoconus. 

 

Localised in Müller cells, endothelial cells, 

RPE and astrocytes in the retinal ganglion 

cell layer and optic nerve head. An increase 

in Cx43 activation is associated with 

glaucomatous eyes.   A decrease in its 

expression is linked to tumour progression. 

 

Regular moderate exercise reduced the 

amount of phosphorylated Cx43 and is 

associated with partial inhibition of 

retinopathy. 

(Gatzioufas et al., 2008) 

 

 

 

(Kerr et al., 2011) 

(Vinken et al., 2006) 

 

 

 

 

 

(Hesari, 2013) 
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1.3.1 Biosynthesis and degradation of connexins 

 

Previously published data suggests that connexins have a short half-life and their expression and up or 

down regulation depends on cellular requirements under normal physiological or pathophysiological 

conditions. Their biosynthesis and degradation play major roles in preserving cellular and tissue 

homeostasis and the cellular environment.  A brief description of the process is presented here, to inform 

discussion of treatment effects in later chapters 

 

 

1.3.1.1 Biosynthesis of connexins 

 

Connexins are transmembrane proteins and like other membrane proteins are synthesised by ribosomes and 

transferred to the cell surface by secretory pathways (Segretain & Falk, 2004; Xie et al., 2015). The 

ribosomes, which are bound to the endoplasmic reticulum membrane, code the hydrophobic domain, N-

terminus or polypeptide sequence of the transmembrane protein and are the scaffolding sequence of the 

Cx40 Platelet and 

neural layers 

of the 

mammalian 

retina / blood 

vessel 

endothelium 

(and fast 

conduction 

pathway in the 

heart) 

Conduction in arterioles and blood pressure 

control. 

 

Localized predominantly between cells in 

INL and ONL. 

(Just et al., 2009) 

 

 

(Matesic et al., 2003) 

Cx46 

and 

Cx50 

Eye lens Lens homeostasis. (Slavi et al., 2014) 

Cx32 Liver Hepatocyte regulation and cell-cell transfer. (Piechocki et al., 2000) 

Cx45 Various 

including 

retina 

Plexiform layer (down regulated after light 

damage but recovers after 7 days)  

(Guo et al., 2014) 

Cx36 Various 

including 

retina 

Upregulated in the IPL after light damage  (Guo et al., 2014) 
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peptide. This connexin sequence is then recognised by a signal recognition particle. The signal recognition 

particle then leads this peptide to a signal recognition particle (SRP) receptor in the endoplasmic reticulum 

(ER) membrane. The translation of the polypeptide chain continues until connexin synthesis is completed, 

including its four transmembrane spanning domains, two extracellular loops and cytoplasmic amino and 

carboxyl termini (Segretain & Falk, 2004; Xie et al., 2015). 

 

Similarly to other membrane channels with oligomeric structures, the connexin subunits need to be 

assembled in the ER before the connexon can be fully functional. The oligomerisation process forms a 

protein channel with six connexin subunits joined to either homo-oligomeric or hetero-oligomeric 

connexons. Homo-oligomeric connexons are composed of the same subunit. An example of other proteins 

like this are potassium channels.  Hetero-oligomers are composed of different subunits, as seen in 

acetylcholine receptors for example (Segretain & Falk, 2004).  

 

Interestingly, several different forms of connexin protein are coded from the same gene. As a result, 

connexin 43 has been identified as forming hetero-oligomers with Cx37. Previous research with knock-out 

and knock-in mice has shown that different connexin isoforms can share some function to make up for 

dysfunction in certain connexins. For instance, Cx32 or Cx40 can take over the role of Cx43 to prevent 

lethality in the Cx43 knock-out. This is possible because hetero-oligomeric connexins can develop from 

different connexin isoforms (Segretain & Falk, 2004).  

 

Connexins from the ER-Golgi are transferred into intracellular storage before further trafficking to the 

plasma membrane. Membrane vesicles containing polypeptides from the ER bud off and act as 

transporters. The membrane vesicle rejoins the membrane compartment in the ER-Golgi after transferring 

connexin to the membrane cell surface (Segretain & Falk, 2004). A previous study showed that Cx32 is 

stored intracellularly in the endoplasmic reticulum-Golgi intermediate compartment, and connexin 43 in 

the trans-Golgi network (Sosinsky et al., 2007).  In addition, the study indicated that any dysfunction of 

intracellular transport impairs gap junction plaque formation at the membrane cell. In another study, 

treatment of cells with cyclic adenosine monophosphate (cAMP) and low density lipoprotein enhanced the 

tracking of connexins to the membrane cell surface (Musil & Goodenough, 1993). 

 

At the end of the secretory pathway, connexons diffuse into the plasma membrane surface. Connexons are 

normally distributed through the entire cell surface in non-polarised HeLa cells (Segretain & Falk, 2004). 

This distribution pattern is similar to transport by aquaporin, vesicular stomatitis virus G protein and 
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glycosyl-phosphatidylinositol-anchored proteins (Keller et al., 2001; Toomre et al., 1999). Connexons are 

distributed evenly and as single hemichannels, not aggregate channels (Segretain & Falk, 2004). After the 

insertion is complete, the connexon can laterally diffuse in plasma membrane until it docks with a 

connexon from an adjacent cell, with the assembly of several docked connexon pairs forming a gap 

junction plaque.   

 

 

1.3.1.2 Biodegradation of connexins 

 

In general, connexin protein half-life is between one to five hours both in vivo and in vitro  (Musil et al., 

1990; Musil et al., 2000), which is short compared to other junction proteins (Solan & Lampe, 2014). The 

connexons that successfully form gap junction channels are unable to return to forming hemi-channels 

under physiological conditions. Instead, newly formed connexons are inserted into the cell membrane, and 

the old connexons (channels) are removed by an internalisation mechanism mediated by clathrin (Falk et 

al., 2016). Any disruption to clathrin activity decreases the rate of internalisation of annular junctions. 

 

The internalisation process in gap junction channels forms pentilaminar annular gap junction vesicles that 

provide a mechanism for degradation of connexin protein (Larsen & Hai, 1978). Previous studies have 

shown that the internalisation process can form small or large annular gap junction channel-containing 

vesicles. Normally large vesicles range in diameter from 0.5 to 5 μm and are slowly degraded by 

endolysosomal pathways over  20 to 60 minutes (Piehl et al., 2007). For small annular gap vesicles with 

diameters of 0.18 to 0.27 μm, translocation by the endolysosomal pathway is much faster, occurring within 

minutes (Falk, 2000).  After degradation by the endolysosomal pathway, the constituent proteins parts are 

recycled (Scita & Di Fiore, 2010). 

 

 

 

1.3.1.3 Docking of connexons from adjacent cells 

 

After forming a hemichannel, some connexons dock with others in adjacent cells and become part of a gap 

junction (Berthoud et al., 2004). Connexins are also able to form hemichannels for intracellular and 

extracellular function and homeostasis (Froger et al., 2010; Xie et al., 2015). The open or closed status of 

hemichannels depends on the requirements of cells, such as the activity of calcium ion channels and 



20 
 

glutamate receptors in protecting against apoptosis. Previous studies have shown that the Cx43 channel 

only opens at a very low rate under physiological conditions (Contreras et al., 2003). However, the 

primarily closed state of an undocked hemichannel may become a prolonged or more frequently open state 

following an insult, whether it be mechanical stress, ischaemia, inflammation or high extracellular calcium 

(Burra et al., 2010; Fiori et al., 2014; Goodenough & Paul, 2003; Guo et al., 2014; Kim et al., 2018). 

Uncontrolled activation of hemichannels disrupts tissue homeostasis through the passage of molecules and 

ions between the cell cytoplasm and the extracellular melieu, and by preventing docking of hemichannels 

and so later affecting gap junction communication in certain cell types (Abudara et al., 2014). Other 

studies have indicated that injury, such as that causing chronic inflammation, may reduce connexin 

expression in tissue, in particular Cx26, Cx32 and Cx43 (Chanson et al., 2005). However, most studies 

report that hemichannel numbers increase in response to injury or inflammation (Willebrords et al., 2016). 

Furthermore, failure of gap junction communication as well as hemichannel activation can be attributed to 

cumulative oxidative stress, as has been suggested for AMD pathology (Danesh-Meyer et al., 2016; Jarrett 

& Boulton, 2012). Increased Cx43 expression in vascular endothelium and astrocytes has been reported in 

association with human central nervous system injuries (Danesh-Meyer et al., 2012; Davidson et al., 2012; 

Guo et al., 2016; Mao et al., 2017; O'Carroll et al., 2008). Earlier research indicated that gap junctions can 

promote a bystander effect by allowing cell death molecules to pass from adjacent dying rods to normal 

cones (Ripps, 2002). However,  more recent evidence suggests that ATP release from hemichannels is 

more likely a key part of the mechanism (Belousov et al., 2017; Mugisho et al., 2018). 
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1.4  Connexin 43 as a hemichannel and gap junction protein 

 

Connexin proteins have a structure composed of four transmembrane proteins with C and N cytoplasmic 

termini, two extracellular loops, a cytoplasmic loop and cytoplasmic termini (Yeager, 1998). Connexins 

are assembled in groups of six to form hemichannels and two hemichannels can combine to form gap 

junction. Connexins have short half-lives and expression of connexins with up or down regulation depends 

on cellular requirements during normal physiological or pathophysiological conditions (Laird, 2006). Gap 

junctions function mainly in normal cell growth and transporting important molecules between adjacent 

cells. However, the production of connexin beyond normal levels due to molecular and physical insults 

enhances channel activation, resulting in disruption of normal function (Kim et al., 2018; Mugisho et al., 

2018). 

 

Previous research has established that hemichannels in cell membranes are normally in a closed state and 

transform to an open state following stimuli such as mechanical stress, ischaemia, inflammation and high 

extracellular calcium (Burra et al., 2010; Fiori et al., 2014; Goodenough & Paul, 2003). Under 

pathological conditions, connexin hemichannels are shown to open and spread the injury to adjacent cells 

(Contreras et al., 2004; Davidson et al., 2014; Davidson et al., 2012) through enhanced purinergic 

pathways due to the release of ATP (Stout et al., 2002). In other words, ATP-triggered purinergic 

signalling activates inflammasome pathways, and this activation can be harmful or helpful depending on 

the degree of severity and length of exposure to the insult (Kim et al., 2018; Mugisho et al., 2018). 

 

Connexin plays a major role in cellular homeostasis but data from several studies suggest that neurons, 

astrocytes and endothelial cells all express connexin for other cellular functions (Liu et al., 2017). The 

connexin 43 protein has been associated with AMD. In order to mimic the early stages of AMD, a light-

damaged animal model was used to model stages of AMD, reportedly showing hemichannel mediated 

pathology. Cx43 was found to be expressed by activated macrophages, seen first in the choroid and close 

to the RPE. Furthermore, upregulation of Cx43 has been associated with CNS injuries and disease, 

including diabetic retinopathy and AMD (Li & Wang, 2016; Zhang et al., 2014). Upon inflammation or 

oxidative stress, dysregulation of connexin and pannexin channels is seen with up-regulation of both 

channel types (Bennett et al., 2012).  
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1.5 Pannexin channels 

 

Pannexins were more recently discovered to form membrane channels between the cell cytoplasm and the 

extracellular environment. Pannexin can be classified into three isoforms: pannexin1, pannexin2 and 

pannexin3. The pannexins form single membrane channels with a similar structure to connexin channels 

except that the proteins are glycosylated, which may account for their generally reported inability to form 

cell-cell channels. Similarly to connexins, pannexins are important channels as they are expressed in many 

organs of the human body, including the eyes. Pannexins are a family of vertebrate proteins with similar 

homology to innexin, a gap junction protein of the invertebrate family. Among the pannexin proteins, 

pannexin1 is ubiquitously expressed in mammalian tissues (Bennett et al., 2012). Pannexins mainly 

function to release ATP and other metabolites for extracellular communication between cells and for 

paracrine signalling (Makarenkova & Shestopalov, 2014). Pannexin2 is expressed during postnatal 

development in neural progenitor cells, as well as in mature neurons in the brain (Swayne et al., 2010). 

Pannexin3 is expressed in keratinocytes, chondrocytes and osteoblasts (Celetti et al., 2010).  

 

Pannexin1 has an N-glycosylated residue N254 and six subunits which are oligomerised into hexamers to 

form a channel. The mechanism for closing and opening the channel is unclear; however, cysteine and 

tyrosine residues in the intracellular loop play a major role in Pannexin1 function (Begandt et al., 2017). 

Molecules up to 1 kDa can be transported via Pannexin1 channels. Pannexin1 is known to contribute to 

spreading inflammation and to activating the release of ATP, leading to monocyte recruitment and the 

onset of apoptotic pathways (Lohman et al., 2015; Sarrouilhe et al., 2017). 

 

Reducing the activation of pannexin1 channels can have a protective effect against disease onset and 

progression. Pannexins have known deleterious effects in neurodegeneration (Bargiotas et al., 2011; 

Freitas-Andrade & Naus, 2016). While pannexin1 is important during the early stages of development, it 

needs to be down-regulated in mature tissues to avoid negative effects of its expression on cell function. 

Opening pannexin1 channels releases ATP leading to autocrine activation of P2X7 receptors (Alberto et 

al., 2013; Cheung et al., 2016). P2X7 then activates the NLRP3 inflammasome and enhances the 

inflammation effect.  

 

During insult, connexin and pannexin channel dysregulation leads to apoptotic mechanisms induced by 

ATP release and increased inflammation (including activation of the inflammasome pathway). This 

activation can be either harmful or helpful depending on the degree of severity and length of exposure to 
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insult (Silverman et al., 2009; Xu et al., 2018). The relative role of each channel type and the 

interrelationship between them are yet to be fully determined. 

 

 

1.6 Overview of AMD – a disease of the retina-RPE-choroid 

 

AMD is a condition that causes degeneration primarily of the macular area, a specialised area for high 

acuity vision in the central part of the retina. AMD is diagnosed as either non-vascular (dry) or neovascular 

(wet). The majority of AMD patients, an estimated 85%, have the non-vascular form, which is associated 

with drusen and defined by the absence of neovascular ingrowth (Yonekawa et al., 2015). The remainder, 

15% of patients, have neovascular AMD where choroidal blood vessels invade the retina through Bruch‟s 

membrane, resulting in macular oedema and haemorrhage and leading to more serious vision loss 

(Abdelsalam et al., 1999). There is an unambiguous association between onset of AMD and increasing age 

(Colijn et al., 2017) and AMD is the major cause of blindness in people over 60 years of age (Roth et al., 

2004)(Friedman et al., 2004; Hutnik et al., 2008). Traditionally, the disease has been diagnosed by the 

presence of drusen − localised deposits lying between the basement membrane of the RPE and Bruch‟s 

membrane, which later can progress to geographic atrophy and the wet form of AMD, with loss of visual 

acuity resulting from damage to the macular area (Schutze et al., 2015). Although peripheral vision is 

retained, progressive central vision loss follows as a function of age in affected people.  

 

AMD can be classified into three stages. Early stage AMD is characterised by the presence of medium-

sized drusen which accumulate between the RPE and Bruch‟s membrane. Patients at this stage do not 

necessarily have marked vision loss. In the intermediate stages, large drusen and RPE changes in the 

patient‟s retina may cause vision loss. In the late stage, the pathology can be divided into two forms. The 

first form is geographic atrophy (GA), the dry form of AMD that leads to gradual breakdown of the light-

sensitive cells and is characterised by one or several well-defined areas of RPE and photoreceptor atrophy. 

These changes cause vision loss and GA tends to progress over time. The second late form of AMD is 

choroidal neovascularisation (CNV) AMD, called wet AMD. In this stage abnormal blood vessels develop 

and vision loss is more rapid compared with GA. CNV is marked by drusen deposition, subretinal and 

choroidal haemorrhage and fibrotic scarring to the macular area (Jager et al., 2008). 
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The recent trend in AMD research has been towards studies aimed at finding interventions targeting early 

stages rather than late stages, which were the main focus in the past. There are many factors contributing to 

AMD and several therapies have been proposed to reduce the signs of AMD. 

 

Previous studies have reported age as the main factor in AMD disease, but the risk of AMD is now known 

to increase with the incidence of factors that contribute to inflammation and oxidative stress (Kauppinen et 

al., 2012; Wang et al., 2011). Despite our increased knowledge of the mechanisms of this disease, to date 

there has been little agreement on therapeutic interventions for early stage AMD, or on identifying early 

changes in the disease that can be therapeutically targeted. Thus, more effort has been put into modelling 

the disease in the laboratory.  

 

An acute model of retinal degeneration for dry AMD was created by exposing albino rats to intense light, 

causing oxidative stress and morphological changes in the retina and choroid that mimic the 

pathophysiology of the human condition (Grimm & Reme, 2013; Guo et al., 2014; Marquioni-Ramella & 

Suburo, 2015). In animal models there is a slow and progressive remodelling of the photoreceptor layer, 

together with accumulation of oxidative stress as well as inflammation leading to conformational changes 

of the blood vessels in the choroid, disruption of the RPE and progressive loss of rods followed by cones in 

the macula (Organisciak & Vaughan, 2010). This is accompanied by a remodelling process, similar to that 

observed in the human AMD condition, where there is dendritic retraction of photoreceptors followed by 

formation of aberrant new synaptic contacts in the outer plexiform layer (Singh et al., 2014). In both 

animal models and the human condition the affected area is regional and spread of inflammation and 

oxidative stress seems to advance from the choroid and RPE to the retina. Hence, the final outcome in a 

study based on the albino rat model, cell death in photoreceptors, choroidal endothelial cells and RPE loss 

may be associated with spatial and temporal changes in cell and tissue interaction in areas other than the 

central retina (Marc et al., 2008). Accordingly, this model allows for the assessment of the candidate 

therapies trialled in this thesis. 

 

 

1.6.1 Factors contributing to AMD: lifestyle behaviour, systemic and environmental 

 

Cigarette smoking is believed to contribute to the epidemiological risk of AMD. A strong association 

between heavy cigarette smokers and AMD has been demonstrated in both genders (Nidhi et al., 2013; 

Seddon et al., 2011). A review of studies comparing smokers and non-smokers reported a 6.6-fold 



25 
 

increased risk of developing neovascular AMD in smokers (Velilla et al., 2013). Previous research has 

suggested that cigarette smoke contains more than 5,000 mixed chemicals (Talhout et al., 2011). It can 

enhance oxidative stress by increasing reactive oxygen species levels or depleting serum of antioxidant 

capacity (Bloomer, 2007; Valavanidis et al., 2009). Moreover, there is a consensus among scientists on the 

increased levels of lipid peroxidation, plasma malondialdehyde and plasma oxidised low density 

lipoprotein found in smokers compared to non-smokers (Bloomer, 2007; Nagamma et al., 2011). In 

addition, nutritional antioxidant supplements have been suggested to be beneficial for AMD, as has daily 

dietary intake of omega-3 fatty acids, lutein and zeaxanthin, vitamin C, vitamin E, beta-carotene, and zinc 

with selenium for decreasing prevalence of AMD (Gabriel et al., 2006; Krishnadev et al., 2010). It is 

believed that smokers have low concentrations of these antioxidants and beneficial molecules in their 

serum compared to non-smokers (Gabriel et al., 2006). In the Beaver Dam Eye Study, it was demonstrated 

that smoking consistently increased the incidence of large soft drusen with pigmentary abnormalities, 

which are early signs of AMD (Klein et al., 2002). 

 

There is also a growing body of literature suggesting alcohol consumption is associated with AMD (Klein 

et al., 2002; Knudtson et al., 2007). Consumption of alcohol enhances ROS production, DNA and lipid 

oxidation (Tsukamoto & Lu, 2001). One study identified increased risk of developing GA in heavy alcohol 

drinkers compared to non-heavy drinkers (Knudtson et al., 2007). This finding is supported by the Blue 

Mountains Eye Study which reported an association between alcohol intake and early AMD (Smith et al., 

1997). In addition, the Beaver Dam Eye Study identified that heavy drinkers have higher probability of 

progressing to late stage AMD (Klein et al., 2002). Previous research has indicated that heavy alcohol 

consumption has a negative impact on antioxidant capacity, which increases oxidative stress and the 

inability to protect from oxidative damage (Rigamonti et al., 2003). Alcohol intake has also been found to 

affect serum carotene, vitamin E and zinc levels by reducing their content in the serum (Lieber et al., 1979; 

von Herbay et al., 1994). Further, in otherwise healthy people, heavy drinking of alcohol increases 

oxidative stress to the retina and enhances the risk of AMD (Cederbaum, 1989). In contrast, a systematic 

review and meta-analysis study reported that moderate alcohol intake is a defensive mechanism in 

cardiovascular disease (Chong et al., 2008). In common with this, moderate wine intake has been reported 

to have a protective effect against the onset of AMD because of the high concentration of antioxidants in 

red wine (Obisesan et al., 1998). These results were paralleled in the Beaver Dam Eye Study which 

demonstrated that moderate wine consumption reduces the risk of early AMD development. However, the 

association between wine consumption and AMD progression has not reached statistical significance 

(Klein et al., 2002). 
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1.6.2 Systemic factors 

 

High blood pressure and its association with risk of developing AMD has received considerable critical 

attention. Several studies have linked an increase in blood pressure and its effect on the choroidal 

circulation with higher risk of developing AMD (Fraser-Bell et al., 2008). The Beaver Dam Eye Study 

reported that participants with uncontrolled hypertension had a three times higher probability of 

developing exudative macular degeneration than participants with treated and controlled hypertension, 

who had a twofold higher risk (Klein et al., 2003). In addition, the ALIENOR study on age-related eye 

diseases, involving participants aged 73 years and above living in France, demonstrated that people with 

high pulse pressure were more likely to have AMD than age-matched controls (Cougnard-Gregoire et al., 

2013). However, lowering blood pressure is not associated with any reduction in the incidence of AMD as, 

contrary to expectations, the epidemiological data does not show a significant defensive association 

between antihypertensive drugs and the incidence of late AMD (van Leeuwen et al., 2004). Furthermore, 

the Beaver Dam Eye Study found a 72% increased risk in incidence of early AMD with use of 

vasodilators, and a 71% increased risk of exudative AMD with use of oral β-blockers (Klein et al., 2014). 

Interestingly, higher pulse pressure was observed to be associated with decreased arterial distensibility, 

which results from a greater difference between systolic and diastolic blood pressure. This arterial 

distensibility may be due to age-related degenerative changes in the blood vessels walls, and could be a 

useful marker for early detection of AMD in higher pulse pressure patients (Klein et al., 2007). 

 

Moreover, the literature has highlighted the role of hypercholesterolemia in increased risk of AMD. 

Hypercholesterolemia is an elevated level of cholesterol in the blood. Numerous studies have attempted to 

explain the association between high intake of dietary fat and cholesterol and AMD (Mares-Perlman et al., 

1995; Pennington & DeAngelis, 2016; Pikuleva & Curcio, 2014). In the Carotenoids in Age-Related Eye 

Disease Study, high consumption of  one type of dietary fat has been linked to intermediate AMD, whereas 

monounsaturated fats in the diet reduce the incidence of AMD (Parekh et al., 2009). However, there is 

conflicting evidence for the association between dietary fat and AMD. Data from a previous study 

suggested that higher intake of monounsaturated, polyunsaturated and vegetable fats and linoleic acid can 

be associated with AMD (Seddon et al., 2001). Furthermore, some study indicated the protection of serum 

of cholesterol in AMD (van Leeuwen et al., 2018). 
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1.7 Risk factors for AMD that have been used in modelling the disease 

 

Drusen are yellowish deposits identified as major contributing factors to the pathology of AMD. These are 

focal sites for accumulation of extracellular debris that takes place between Bruch‟s membrane and RPE 

(Hageman et al., 2001). Previous studies have reported that drusen are made up of lipids and glycoproteins 

(Farkas et al., 1971), with 40% of the lipids being esterified cholesterol and phosphatidyl choline (Wang et 

al., 2010). Drusen can be classified as hard drusen, which appear clinically as small (less than 63 µm in 

diameter), yellow, punctate deposits. Soft drusen appear larger, at more than 63 µm in diameter, paler and 

occur in larger deposits (Sarks et al., 1999). The damaging effects of drusen were demonstrated in a 

quantitative polymerase chain reaction study, where human RPE stem cells changed significantly when 

exposed to frequent oxidative stress conditions, via expression of drusen-related proteins and transcripts 

(Rabin et al., 2013).  

 

 

1.7.1 Inflammation 

 

A number of studies have reported that inflammation plays a role in the pathogenesis of AMD (Hollyfield, 

2010; Kauppinen et al., 2016). Previous research findings have shown that local inflammation leads to 

drusen formation associated with immune mediated processes (Anderson et al., 2002). Neovascular 

macular degeneration is initiated at the outer surface of Bruch‟s membrane, given that this is where there is 

localisation of chronic inflammatory cells (Penfold et al., 2001). Macrophage-mediated inflammation has a 

major impact on the inflammatory response adjacent to drusen and Bruch‟s membrane, and in choroidal 

neovascularisation (Apte, 2010). The existence of inflammatory cells has been shown to promote 

microvascular injury resulting in damage to the Bruch‟s membrane. In addition, macrophages also cause 

angiogenesis underlying Bruch‟s membrane through endothelial cell proliferation induced by proliferative 

cytokines, resulting in ruptures of the membrane (Ernst et al., 1987; Singh, 2014). There is, however, 

increasing awareness that AMD may be initiated in the choroid, with inflammation there leading to 

choriocapillaris dropout and subsequent oxidative stress to the retina, resulting in RPE loss (Danesh-Meyer 

et al., 2016). According to recent reports using the light damaged rat model,  Cx43 is the most ubiquitously 

expressed connexin protein by activated macrophages, with inflammation occurring first in the choroid and 

then oxidative stress appearing in the RPE and light receptor layers (Guo et al., 2016; Guo et al., 2014; Li 

et al., 2018).  
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1.7.2 Light 

 

Evidence from animal studies and human case reports suggests that intense light exposure, including 

ultraviolet, is among the most important risk factors for AMD. Several studies have documented intense 

light induced damage to the RPE (Geiger et al., 2015; Guo et al., 2016; Pang et al., 1999). In the Beaver 

Dam Eye Study, five hours‟ summer sun exposure increased the 10-year incidence of early AMD 

compared to less than two hours‟ exposure (Tomany et al., 2003).  The effect of light is of concern as it 

can give rise to various damage mechanisms for the retina, classified as photothermal, photomechanical or 

photochemical (Wu et al., 2006; Youssef et al., 2011). Photothermal damage plays a vital role in light 

toxicity and can be defined as the transfer of light photon energy to the retinal tissue (Youssef et al., 2011). 

The transfer of photons will lead to increased molecular vibration and rotation in the tissue and result in 

temperature increases. The wavelength of the light is the main variant in the increase of mean kinetic 

energy in the retinal tissue (Youssef et al., 2011). For instance, temperature will rise drastically when 

shorter wavelengths reach the retinal tissue. Previous studies have reported that three pigments contribute 

to the absorption of photothermal energy by retinal tissue: melanin, xanthophyll and haemoglobin. 

Increasing the heat of retinal tissue causes protein denaturation, loss of molecular structures and 

fluidisation of cell membranes (Youssef et al., 2011). 

 

By definition, photomechanical damage refers to retinal damage resulting from the effect of high light 

energy on the melanosomes of the RPE area (Youssef et al., 2011). The high energy causes tissue 

thermoelastic expansion which induces mechanical stress in adjacent tissues. This results in temporary 

vapour bubbles, also known as micro-cavitation bubbles, around the melanosomes that are lethal to the 

RPE and adjacent tissues in the retina (Tinne et al., 2014). The degree of photomechanical damage 

depends on the amount of energy absorbed by the retinal tissue (Brinkmann et al., 2000; Jacques, 1992).   

Photochemical damage can be defined as retinal damage that is independent of photothermal and 

photomechanical damage. It was first discovered by Noell and colleagues when they found retinal damage 

caused by the natural light spectrum in albino rats (Noell et al., 1966). This effect enhances oxidative 

stress which occurs when there is an imbalance in the production of free radicals and antioxidants. A free 

radical is a molecular species containing one or more unpaired electrons exposed to the retinal tissue 

environment. In recent years, the increasing amount of literature on photochemical damage indicates that 

even though the retinal tissue contains enough antioxidants to counteract the effect, damage may occur 

when antioxidant activity is overcome by free radicals (Dong et al., 2006; Lu et al., 2009).  
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In general, it seems that once free radicals are generated in the retinal tissue environment, they will attack 

and spread to adjacent tissues resulting in a deleterious effect. For instance, retinal photoreceptors contain 

a large quantity of membrane and this increases vulnerability to free radical attack and breakdown of the 

membrane structure via lipid peroxidation (Youssef et al., 2011). A number of researchers have 

investigated the effects of free radicals due to acute light exposure in choroidal endothelial cells (Tanito et 

al., 2007; Wu et al., 2005). Exposure to intense light caused TdT-mediated dUTP nick end labelling 

(TUNEL) (cell death) in the choroidal layer, as well as a significant decrease in choroidal thickness after 

seven days of light exposure. Furthermore, lipid peroxidation activity as shown by up-regulation of 4-HNE 

labelling was detected in choroidal cells 24 hours after light exposure (Tanito et al., 2007). Photo-oxidative 

stress was associated with choroidal damage, seen as an increase in choroidal thickness where leaky blood 

vessels disturbed the choroid layer‟s blood supply (Tanito et al., 2007).   

 

Photochemical injury can be divided into three stages. In the first 24-hour period, RPE disorganisation, 

abnormalities in the photoreceptor layer and in the subretinal space with uneven pigment cells are the main 

morphological changes that occur. In the second stage, a macrophage response is detected within one week 

as the beginnings of a reparative process in the retinal tissue. In the third stage, occurring from one week to 

months after the photochemical damage, there is RPE proliferation and the formation of plaques consisting 

of RPE cells and macrophages between Bruch‟s membrane and the outer retina (Noell et al., 1966; 

Youssef et al., 2011).  

 

Photochemical injury also depends on the amount of retinal tissue exposure to light. In other words, the 

level of retinal light toxicity is dependent on the dose of light exposure, and a certain magnitude or 

threshold of light exposure must be exceeded to create photochemical damage (Noell et al., 1966; Youssef 

et al., 2011). Moreover, previous studies have demonstrated graded photochemical damage in retinal tissue 

when continuously exposed over 2−6 hours (Eichenbaum et al., 2009; Organisciak & Vaughan, 2010). 

Noell reported that acute light exposure of 5 min at 2700 lux did not induce significant damage to the 

retina (Noell et al., 1966). However, three to four repeated intervals of 5 min at the same light intensity 

following 1 hour in the dark promoted light damage (Noell et al., 1966). Recent studies of photochemical 

retinal injury from white light-emitting diodes (LED) have shown a cumulative effect of light damage, 

even with exposure at only 750 lux. In this case, chronic relatively low-intensity light exposure in the 

retinal tissue was found to correlate with free radical formation (Dong et al., 2006; Shang et al., 2014). 

This finding is supported by Ham et al. who argued that light exposure over time has a cumulative effect 
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on retinal tissue (Ham et al., 1980). Damaged retinal tissue can regenerate retinal cells, especially in the 

outer layer of photoreceptors (Bush et al., 1991). However, if the photochemical damage is prolonged, 

together with the disrupted exchange of molecules that regulate retinal heat, there may be more permanent 

damage to the retinal tissue (Guo et al., 2014). Furthermore, if the damage is further enhanced via 

inflammatory effects in cells not directly targeted, through a „bystander effect‟ from the outer to the inner 

segment of retina, this may also lead to permanent damage to retinal tissue (Bush et al., 1991). 

 

 

1.8 Current therapies for AMD management 

 

1.8.1 Thermal laser photocoagulation 

 

Thermal laser photocoagulation (TLP) was the first treatment developed for CNV and uses an argon ion 

laser. The destructive effect of CNV on membranes is reduced by laser treatment causing coagulated 

necrosis. The limitation of TLP is that it is only useful in the treatment of patients with well-defined extra-

foveal or juxta-foveal CNV. However, this treatment is contraindicated in patients with sub-foveal CNV, 

as it can cause an immediate reduction in visual acuity (Virgili & Bini, 2007). 

 

 

 

1.8.2 Photodynamic therapy 

 

Photodynamic therapy (PDT) is a technique that uses a laser light to activate verteporfin, also known as a 

benzoporphyrin derivative. Verteporfin is a photosensitising agent that is injected intravenously. 

Verteporfin binds selectively to the endothelium of abnormal blood vessels which have an increased 

density of lipoproteins. Upon activation by the laser, verteporfin releases radical oxygen species (ROS) 

and later induces localised damage to CNV endothelial cells. This enhances platelet aggregation and fibrin 

clot formation, leading to vessel occlusion with minimal adverse effect on the retina itself. One limitation 

of PDT is the half-life of verteporfin, which is between two to five hours. Research show that verteporfin 

is no longer detectable in rabbit outer retina two hours post injection (Schmidt-Erfurth & Hasan, 2000). 

PDT has only been linked with minor adverse effects; at the injection site, and transient photosensitivity 

reaction and infusion related lower back pain (Novack, 2008). 

 



31 
 

 

1.8.3  Vascular endothelial growth factor inhibitors 

 

Increased VEGF levels have been associated with neovascularisation and increased vascular permeability. 

Pegaptanib (Macugen®), bevacizumad (Avastin®), ranibizumab (Lucentis®) and aflibercept (Eylea®) are 

the four current leading anti-VEGF therapies for treatment of AMD. 

 

Pegaptanib is an aptamer molecule that binds specifically to the VEGF 165 amino acid and has a vitreous 

half-life of approximately 7.83 days (Vinores, 2006; Zhou & Wang, 2006). Pegaptanib was the first anti-

VEGF drug to be approved for intravitreal treatment of neovascular AMD (Gragoudas et al., 2004; Quiram 

et al., 2007). In the initial year of the VEGF Inhibition Study in Ocular Neovascularisation (VISION), it 

was demonstrated that pegaptanib, injected intravitreally every 6 weeks, reduced vision loss by 50 % 

(D'Amico, 2005). In 2004, Gragoudas and co-workers reported no evidence for pegaptanib causing 

elevation in intraocular pressure following multiple injections, so it appeared to be relatively safe. 

However, they did find adverse effects of Pegaptanib during Phase III of the clinical trial. Endopthalmitis 

was detected in 1.3% of patients, traumatic lens injury in 0.7% and detachment of retinal tissue in 0.6 % 

(Gragoudas et al., 2004). Furthermore, other adverse effects including vitreous floaters and opacities, 

anterior chamber inflammation, decreased visual acuity, corneal oedema, and dizziness have been reported 

(Doggrell, 2005; Singerman et al., 2008). 

 

Bevacizumab is a full length human monoclonal antibody (149,000 Da). When injected, it has a half-life 

estimated at 8.25 days (Stewart, 2012) due to its large size compared with ranibizumab (discussed below). 

Bevacizumab inhibits angiogenesis by binding to VEGF-A, a compound that stimulates new blood vessel 

formation. Bevacizumab has been approved for the treatment of various cancers, including colorectal, 

lung, breast, glioblastoma, kidney and ovarian. Bevacizumab has been confirmed to be very effective for 

treating wet AMD (Avery et al., 2006; Rosenfeld, 2006; Spaide et al., 2006). A common adverse effect of 

bevacizumab appears to be acute intraocular inflammation (Georgopoulos et al., 2009). However, a review 

of findings indicated that the reported rate is moderately low after injection of bevacizumab is around 0.09-

0.4 and rate of ocular inflammation were 1.4-2.9 (Tolentino, 2011). In a trial of treatments for serious 

macular detachment, the percentage of patients experiencing one or more serious adverse events with 

bevacizumab was significantly higher than for ranibizumab (Sharma et al., 2012). 
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Ranibizumab is a monoclonal antibody (48,000 Da) that binds to multiple VEGF isoforms and has an 

estimated half-life of 7.13 days (Stewart, 2012). Ranibizumab is derived from the antibody bevacizumab. 

Ranibizumab has shown good results in clinical trials (Avery et al., 2006; Rosenfeld, 2006; Spaide et al., 

2006).  For example, treatment with ranibizumab reduced the rate of loss of visual acuity in 94.6% of 

patients at one year (Ahmadi & Lim, 2008; Hernandez-Pastor et al., 2008). However, ranibizumab is more 

expensive than bevacizumab (Sharma et al., 2012). A large number of controlled trials have reported that 

the most common adverse reactions are conjunctival haemorrhage and ocular pain. Moreover, intravitreal 

injections of ranibizumab have shown adverse effects associated with endophthalmitis and retinal 

detachment (Ahmadi & Lim, 2008; Hernandez-Pastor et al., 2008).   

    

Aflibercept, a new molecule that is not an antibody, is a recombinant soluble decoy receptor fusion protein 

targeting the VEGF-A family. Aflibercept was approved for the treatment of neovascular AMD by the 

Food and Drug Administration in November, 2011 (Cheng et al., 2013). The expected half-life of 

aflibercept after administration by intravitreal injection is 7.13 days in humans. Previous studies have 

suggested that aflibercept may be effective in chronic refractory neovascular AMD patients (Bakall et al., 

2013). Aflibercept has also shown a higher binding affinity with intravitreal delivery compared to 

ranibizumab (Papadopoulos et al., 2012). Due to the reduction in required injection frequency (every-2-

months) compared with ranibizumab, it is cost effective and eliminates the burden of monthly monitoring 

(Heier et al., 2012). However, intravitreal aflibercept may increase intraocular pressure.  

 

1.8.4 Corticosteroids 

 

Triamcinolone acetonide is the main corticosteroid used for treatment of AMD. Triamcinolone induces 

lipocortin synthesis that directly inhibits phospholipase A2 and arachidonic acid and thus reduces the 

formation of prostaglandins and leukotrienes (Jermak et al., 2007). Triamcinolone has also been shown to 

reduce VEGF expression in CNV and is widely used in combination with PDT for decreasing 

inflammation. The most common adverse effects reported in patients treated by corticosteroids are 

significant complications associated with cataracts and glaucoma (Maloney et al., 2002). 
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1.8.5 Anercortave acetate  

 

Anecortave acetate is an angiogenesis inhibitor used in the treatment of wet AMD. Anecortave inhibits the 

lipopolysaccharides that induce neovascularisation. Anecortave does not exhibit glucocorticoid activity, 

thus reducing the complications associated with triamcinolone acetonide. Administration of anecortave 

acetate and PDT shows better results for vision compared with treatment involving multiple PDT 

treatments (Augustin, 2006). Anecortave is administered with a posterior juxtrascleral depot of the 

suspension using a blunt cannula. Overall, anecortave treatment has been shown to reduce the risk of 

visual loss (Maloney et al., 2002). 

 

Even though the success rate of therapeutics for management AMD is high, the pathogenesis or underlying 

cause of the disease remain untreated. A treatment strategy such as intravitreal injection of anti-VEGF, for 

example, is successful in stopping CNV but there are no treatments for GA, the late stage of the dry form 

of AMD, or even its earlier stages. To prevent or slow down the progression of disease, patients are 

encouraged to adopt a healthy lifestyle including exercise and a balanced diet following the daily 

nutritional recommendations of the the Age-Related Eye Disease Study 2 (AREDS2) (Hobbs & Bernstein, 

2014). 

 

As mentioned earlier in subtopic 1.7.1, inflammation has a pivotal role in AMD associated with abnormal 

gap junction communication between adjacent cells and the pathological opening of hemichannels. 

Accordingly, gap junction expression and distribution is outlined in the following paragraphs. The section 

also describes how hemichannels play a key role in health and disease, especially AMD, the key subject 

explored in this thesis. 

 

 

1.9  Gap junction channels and channel modulators in AMD treatment – experimental evidence 

 

Gap junction channels play a key role in intercellular communication. Gap junction channels are formed 

by 12 connexin proteins, six of which form one connexon or hemichannel which then docks with the 

connexon of an adjacent cell to form a gap junction channel (Goodenough & Paul, 2003). The basic 

strucure of connexin protein consists of two extracellular loops, a cytoplasmic loop, a cytoplasmic N-

terminal and a cytoplasmic C-terminal domain (Grek et al., 2015). Gap junctions plays a critical role in 
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maintaining the exchange of ions, and passage of secondary messengers and other important small 

molecules between adjacent cells (Harris, 2007). Over the past 50 years there have been dramatic 

developments in connexin research, with 21 connexin genes now described in the human body (Kelly et 

al., 2015). Several studies have indicated that Cx43 is the most ubiquitously expressed connexin in vital 

organs such as the brain, heart, bone and eye (Vicario et al., 2017). It has been suggested that Cx43 is 

mostly active when phosphorylated and it has a short half-life of 1.5 – 2 hours (Lau et al., 1996; Solan & 

Lampe, 2009). Since gap junctions play such a vital role in cell communication, an up-regulated or down-

regulated gap junction channel population can impact widely on tissue injury, and especially in the 

pathology of AMD (Chanson et al., 2005).  

 

Failure in gap junction communication can be attributed to cumulative oxidative stress, such as is reported 

to lead to AMD (Jarrett & Boulton, 2012). Furthermore, previous research has established that 

hemichannels at the plasma membrane, which are primarily in a closed state under normal conditions, 

increase their opening following mechanical stress, ischaemia, inflammation and either reduced or 

abnormally high extracellular calcium loading (Goodenough & Paul, 2003; Kim et al., 2018). In addition, 

increased Cx43 expression in the vasculature and astrocytes has been reported following many types of 

human central nervous system injury (Nakase & Naus, 2004). Consequently, it is hypothesised that 

therapeutic interventions that act on (block or reduce expression of) connexin hemichannels could reduce 

the effect of oxidative stress. Previous research has indicated that connexin channels can have a bystander 

effect in certain conditions by allowing the passage of cell death signalling molecules from dying rods to 

adjacent normal cones (Ripps, 2002).  Since the Cx43 long C-terminal tail is the main binding area 

implicated in the regulation of Cx43 channel gating (Giepmans et al., 2001), controlling pH, channel 

assembly, disassembly, turnover and channel function (Lau et al., 1996), drugs that target the terminal-C 

interactions sites could be used to inhibit gap junction communication between adjacent cells (Giepmans et 

al., 2001), or to inhibit hemichannel opening. 

 

It is important to note though that most recent studies indicate that maintenance of gap junction 

communication and prevention of hemichannel opening may be key to treating pathological conditions 

(Leybaert et al., 2017; Willebrords et al., 2016). Hemichannel opening seems to promote lesion spread, 

blood vessel damage and inflammation, whereas gap junction communication is still required to maintain 

tissue function. For this reason, hemichannel blockers that have minimal impact on cell-to-cell coupling 

have more recently come to the fore. 
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1.9.1 Connexin 43 mimetic peptide 

 

One well characterised gap junction channel modulator is a Cx43 mimetic peptide (Cx43MP) known as 

peptide 5. This peptide blocker has shown significant benefit in a number of animal models including for 

retinal ischaemia reperfusion (Chen et al., 2015; Danesh-Meyer et al., 2012) and bright light damage (Guo 

et al., 2016), perinatal sheep brain ischaemia and preterm sheep asphyxia (Davidson et al., 2014; Davidson 

et al., 2012; Galinsky et al., 2017), chronic pain (Tonkin et al., 2018) and spinal cord injury (Mao et al., 

2017; O'Carroll et al., 2008). In a spinal cord injury study, for example, Cx43MP treatment reduced 

inflammation and the spread of damage through astrogliosis and neuronal cell death after injury, resulting 

in improved behavioural outcomes (O'Carroll et al., 2008). Eleven overlapping peptides (peptides 1 to 11) 

mimicking regions of the two extracellular loops of Cx43 were compared. Specifically, Cx43MP peptide 5 

significantly reduced the degree of swelling. At low concentration, Cx43MP prevented hemichannel 

opening without disrupting gap junction communication (O'Carroll et al., 2008). Only at higher 

concentrations did Cx43MP uncouple existing gap junctions. Therefore, in this investigation, the effect of 

peptide 5 was evaluated over the longer term in the light-damaged rat model, which is recognised by 

clinical research organisations as an acute ocular model replicating aspects of dry AMD. 

 

 

1.9.2  Tonabersat and probenecid as channel blockers 

 

Tonabersat is the novel benzopyran compound benzopyrancompound,(-)-cis-6-acetyl-4S-(3-chloro-4-

fluoro-benzoylamino)-3,4-dihydro-2,2-dimethyl-2H benzo[b]pyrane-3 S-ol (SB-220453). Tonabersat 

shows high efficacy in inhibiting neuronal hyperexcitability (Chan et al., 2011) with no adverse 

cardiovascular side effects (Durham & Garrett, 2009). In previous studies tonabersat inhibited depression 

and inflammation in animal models of migraine (Sarrouilhe et al., 2014), and more recently it has been 

shown to be a connexin hemichannel blocker (Kim et al., 2017). 

 

The compounds probenecid, carbenoxolone (CBX), trovafloxaxin and mefloquine have been demonstrated 

to effectively block pannexin1 channels with minimal side effects. Probenecid is an approved drug for the 

treatment of gout and has been shown to inhibit pannexin1 channels without affecting the connexin 

hemichannels (Silverman et al., 2008). 
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Probenecid blocks the inflammatory processes in the caudal portion of the trigeminal nucleus in the 

brainstem (Silverman et al., 2009). Other blockers such as CBX have a non-specific action. At low 

concentrations CBX blocks pannexin1 channels, but at higher concentration it blocks the connexin 

hemichannels. Trovafloxacin at low doses blocks pannexin channels but poses toxic effects at higher doses 

(Poon et al., 2014). Mefloquine is also known to uncouple gap junctions. 

 

 

1.10 Animal models of inflammation in the eye 

 

As described above, inflammation in AMD is very well documented. Another major cause of blindness is 

diabetic retinopathy (DR), which is traditionally described as a metabolic disease affecting the vasculature 

(Engerman & Kern, 1986; Lee et al., 2015; Zheng et al., 2012). The condition emerges as a common 

complication of diabetes mellitus. Left untreated in its early stage, DR can trigger a severe form of ocular 

pathology. Current treatments only address late stages of the disease, although this is a progressive 

condition and a leading cause of sight-loss in adults aged 20 years and over (Cheung et al., 2010). In brief, 

DR is a vasculature complication of diabetes that affects the retina and choroid and is commonly 

associated with prolonged hyperglycaemia, hypertension and inflammation (El-Asrar, 2012; Lee et al., 

2015; Tang & Kern, 2011).  

 

A natural animal model of DR showing hyperglycaemia and signs of inflammation is a suitable model in 

which to trial therapies that might also be used for AMD.  During the work conducted for this thesis, a new 

variation of Sprague-Dawley rats showing both hyperglycaemia and ocular inflammation was discovered. 

This animal model had not previously been recognised by others, and investigations were subsequently 

carried out to characterise the hyperglycaemia related pathology and ocular changes in the new model, and 

the effects of intervention. 
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1.11 Intervention in diseases – routes of ocular administration of drugs 

 

How a drug is delivered into the eye plays a vital role in understanding how the drug will act or treat a 

disease. In recent years, there has been increasing effort to improve drug delivery systems resulting in the 

development of simple topical ocular delivery systems, as well as more sophisticated deliveries such as 

episcleral implants. In general, ocular drug delivery can be divided into two types: anterior drug delivery 

and posterior drug delivery (Gaudana et al., 2010).. They are briefly described here to explain the 

reasoning behind the choice of drug delivery methods used in this thesis in the treatment of animal models 

using hemichannel blockers. 

 

 

1.11.1 Conventional topical administration 

 

Topical administration of drugs using eye drops is the simplest and most common drug delivery 

mechanisms for ocular treatment. Drug absorption after topical application depends mainly on the cornea 

and conjunctiva structure. Broadly, the cornea can be structurally divided into the epithelium, stroma and 

endothelium. The corneal epithelium is made up of a single layer of basal cells and four to seven layers of 

non-keratinised and stratified squamous epithelial cells with tight junctions forming a strong barrier to 

drug absorption, especially to large molecular weight hydrophilic drugs (Bennett et al., 2012; Thompson & 

Macvicar, 2008). Furthermore, corneal epithelial cells are joined by desmosomes and surrounded by 

zonula occludens that retard drug permeation from the tear film to the stroma (Dourado et al., 2014). The 

conjunctival barrier also plays a major role in drug bioavailability due to the conjunctival blood capillaries, 

which can affect the drug concentration in the systemic circulation and reduce local concentration. 

Similarly to the cornea, the conjunctiva also has tight epithelial junctions that can further hinder the 

passive movement of hydrophilic drugs into the eye (Beckel et al., 2014). Furthermore, drug 

bioavailability in the posterior segment after topical administration also depends on metabolism in the iris 

and the ciliary body. In these tissues, drugs can be substantially degraded during absorption. In addition to 

barriers in the ocular tissues, precorneal factors also contribute to poor drug bioavailability after topical 

drug administration.  

 

This route is useful in the treatment of anterior segment diseases, but inefficient in achieving and 

maintaining drug concentration to the posterior segment due to ocular barriers including drug tear outflow, 

the corneal structure and nasolacrimal drainage (Bisht & Rupenthal, 2016; Gaudana et al., 2010). Almost 
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80% of topically administered drug is lost during the administration itself, with only up to 7 µl of drug 

remaining in the precorneal pocket (Schoenwald, 1990). The tear film also plays a vital role in first 

resistance to topical drug administration. The tear film contains mucin which forms a protective 

hydrophilic film. Further, due to its rapid restoration time, most drug is washed away within 15–30 

seconds and the remaining drug can bind to the mucin, which enhances precorneal retention at the expense 

of posterior delivery (Gaudana et al., 2010). 

 

 

1.11.2 Intravitreal injection and other routes of administration 

 

Intravitreal injection is a procedure whereby molecules are injected directly into the vitreous cavity via the 

pars plana. This procedure bypasses the BRB, which mainly functions to regulate movement of molecules 

and exchange of nutrients and waste products from choroid to the sub-retinal space (Campbell & 

Humphries, 2012). However, in order to maintain therapeutic concentration in the posterior segment of the 

eye, repeated injections are generally needed. These are associated with adverse side effects including 

vitreous haemorrhages, retinal detachment, infection, patient trauma and increased treatment cost (Bisht & 

Rupenthal, 2016; Hahn et al., 2016). 

 

Data from several studies suggest there are two approaches to minimising the side effects of intravitreal 

injection procedures. The first approach is to use suprachoroidal drug delivery via microneedles. The 

suprachoroidal space lies between the outer border of the choroid and the inner border of the sclera and is 

estimated to be 30 μm. Suprachoroidal tissue comprises collagen fibres, elastic fibres, fibrocytes, 

melanocytes and nerve plexi (Nickla & Wallman, 2010; Rai Udo et al., 2015). The effectiveness of drug 

delivery to the suprachoroidal space using microneedles has been investigated in primate and porcine 

animal models. Based on the findings of a research review, drug delivery to the suprachoroidal space is 

safe, well tolerated and results in effective pharmacokinetics for drugs such as triamcinolone in the 

treatment of inflammation in the eye, with maximum administration up to 35 μL. Moreover, in one of the 

studies reviewed, there were no side effects associated with this type of injection after 120 days, including 

ocular hypertension and cataract (Pierre & Rossetti, 2014). 

 

Another approach for intraocular delivery of drugs is injection into the suprachoridal space using hollow 

microneedles. The safety of the procedure has been studied in a rabbit model and there were no side effects 

(Patel et al., 2011). A comparative study of suprachoroidal drug delivery using hollow microneedle versus 
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injection into the vitreous showed that both methods are effective at reducing inflammation in the eye 

(Gilger et al., 2013). A limitation of suprachoroidal drug delivery is the maximum volume that can be 

injected; an estimated 200 µl as larger volumes may cause oedema and choroidal detachment. However, 

the suprachoroidal injection method avoids the haemorrhages and opacity of the vitreous seen with 

intravitreal injection (Rai Udo et al., 2015). 

 

 

1.11.3 Periocular injection 

 

Periocular injection is injection of drug to regions of the eye through subconjunctival, posterior sub-tenon, 

retrobulbar and posterior juxtascleral routes (Raghava et al., 2004). The periocular injection method 

provides an alternative pathway for higher volume retinal and vitreal drug delivery. This procedure 

increases the permeability of sclera and is mainly used for sustained drug delivery. Drug bioavailability is 

high after periocular delivery – an estimated 0.01–0.1% – compared with topical drug delivery at around 

0.0001% with maximum administration of 1000 µl (Kaur et al., 2004). While periocular administration is 

less effective compared to intravitreal injection, it is less invasive and decreases the chances of side effects 

associated with injections into the eye. 

 

 

1.11.4 Systemic drug delivery 

 

Systemic drug delivery is normally a non-invasive method of drug administration, except when delivered 

by intracerebral, intraocular, intraperitoneal or intravenous injection. In systemic drug delivery to the eye, 

tablet formulations, capsules or intravenous administration of the drug are used. Drugs can reach the retina 

and choroidal tissue mainly as result of being absorbed into the blood and made available to the retina 

through the choroid circulation. However, the presence of a BRB limits absorption of many drugs into the 

inner layers of the retina, especially for less lipophilic drugs (Park et al., 2012; Srirangam et al., 2012).  

However, in many ocular pathologies involving cellular insults such as infection or biological stress, BRB 

function is altered resulting in increased permeability through the choroid and this may positively affect 

the ability of drugs to cross the BRB to the retina. As healing proceeds, the RPE resumes its function as 

part of the BRB.  
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Systemic drug delivery is not always as effective as intravitreal injection. The main challenge faced in 

administration of proteins into the body is that the bioavailability of the protein needs to be maintained for 

a longer period of time to reach the target organ. This is because the hydrophilic characteristics of proteins 

mean they easily dissolved and degraded in body liquids. To address this problem, proteins are mainly 

administered via invasive rather than systemic routes and repeated injections are required in order to 

achieve therapeutic effect.  However, this may induce inflammation in the area of the injection and trauma 

to the patient  (Ghasemi Falavarjani & Nguyen, 2013). Thus, formulations that match delivery methods are 

discussed next. 

 

 

1.12 Nanoparticles in drug delivery to the posterior segment  

 

In addition to delivery method, the formulation of a drug plays an important role in the drug reaching the 

target organ. Liposomes are an important method for administering drugs in a controlled and selective 

way. This delivery method can offer longer ocular bioavailability of a drug (Alavi et al., 2017). Liposomes 

are vesicles with similar properties to the outer cell membrane and can encapsulate an aqueous molecule. 

Liposome vesicles can be of two forms: a single layer of lipid composed of lecithin or 

phosphatidylglycerol that encapsulates the aqueous interior core, and also known as unilamellar vesicles; 

or multilamellar vesicles, which contain two layers of lipids with the drug trapped within these two layers. 

The advantages of liposomes are that they are easy to prepare, non-irritant to the eye, depending upon the 

lipids used, and do not cause any blurring of vision (Agarwal et al., 2016). 

 

Microparticles and nanoparticles are one of the most widely used controlled delivery systems for ocular 

administration. This method offers significant advantages over other drug delivery systems (Penuela et al., 

2013). The covalent bonds between particles and drug are formed during the process of polymerisation. 

The drug then forms a solid-solution matrix with the nanoparticle or microparticle. Smaller particles have 

been reported to be better tolerated by patients, and there is increased drug absorption and increased 

bioavailability in the ocular system (Zhou et al., 2013). Similarly, a later study indicated promising results 

for the nanoparticle in comparison to the microparticle in an animal model of retinal ischaemia. In this 

study, nanoparticles rescued the retinal ganglion cell and down regulated the inflammatory response with 

much faster release of Cx43MP compared to microparticles (Chen et al., 2015). 
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A considerable amount of literature has been published on encapsulation of hydrophobic drugs. 

Nanoprecipitation is a common way to encapsulate poorly soluble hydrophobic drugs by using poly 

(lactic-co-glycolic acid) (PLGA) nanoparticles (Danhier et al., 2010). Factors that influence the 

encapsulated drug‟s efficacy and release have been explored in several studies. Surface modification, 

method of preparation, particle size, drug molecular weight and the ratio of lactic to glycoside acid play a 

crucial role in regulating drug release from  PLGA-based nanoparticles (Nimesh, 2013).  Studies using 

nanoparticles loaded with drug have shown them to be effective carriers. PLGA plays a critical role in drug 

delivery systems for various biomedical applications (Ortega-Oller et al., 2015). The Food and Drug 

Administration (FDA) and European Medicine Agency (EMA) have approved PLGA, particularly for 

parenteral administration of drugs (Danhier et al., 2010). In term of its biocompatibility, PLGA causes 

only minimal systemic toxicity because the breaking of PLGA bonds produces monomers, lactic acid and 

glycolic acid that are found naturally in the body. Both acids are therefore easily metabolised via the Krebs 

cycle (Danhier et al., 2010).  PLGA polymeric nanoparticles have attractive properties that prevent drugs 

from degradation for extended periods, allowing sustained slow release of the drug.  The PLGA itself has 

different degradation times ranging from months to years according to the ratio of lactic to glycolic acid. 

Compared to polylactide (PLA), PLGA possesses a slower degradation rate. Figure 1.4 shows the lactic 

acid and glycolic acid copolymers of nanoparticles.    

                                                 

     Figure 1.4: The lactic acid and glycolic acid copolymers. 

 

 

1.13 Ocular drug delivery to target connexin and pannexin channels 

 

The role of pannexins and connexins in pathology is still debated (Brisset et al., 2009; Maes et al., 2015; 

Nakase et al., 2009). This thesis evaluates delivery methods for connexin hemichannel and pannexin 

channel blockers and their effect on the pathology of disease. Cx43MP blocks Cx43 hemichannels and 
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could be a potential neuroprotective therapeutic tool (Davidson et al., 2015; O'Carroll et al., 2008). The 

mechanism of action of this peptide appears to be by interacting with the Cx43 extracellular loop adjacent 

to the sequence from which it is derived, thereby inhibiting opening of the channel (Kim et al., 2017). 

However, some early reports suggested that peptide reactions are slow and require high concentrations of 

peptide to down-regulate connexin channels (Dahl et al., 1994). Advances have been made in formulations 

that protect the active ingredient from enzymatic degradation and allow slow drug release over time 

(Liechty et al., 2010; Tiwari et al., 2012). Nanoparticles (NPs) are one of the most widely used drug 

delivery systems. A number of studies have described the potential for polymeric NPs for use in the 

treatment of retinal diseases because of their high tolerance, biocompatibility, biodegradability and lack of 

intrinsic immunogenicity (Dinarvand et al., 2011; Sahdev et al., 2014).  

 

Several previous reports have shown that connexin gap junction communication and hemichannel opening 

can be down regulated using a number of compounds: halothane, octanol, quinolone carbenoxolone and 

flufenamic acid (Salameh & Dhein, 2005). In cerebral ischaemia, these compounds have been shown to 

inhibit gap junctions and reduce the bystander effect of astrocytic apoptosis on adjacent cells in in vitro 

hippocampal cultures (Nodin et al., 2005). However, most of these compounds are non-specific channel 

blockers acting on multiple connexin isoforms and other membrane channels, and they can cause 

secondary side effects. For instance, a previous study demonstrated that flufenamic acid is an effective 

blocker of gap junctions but the mechanism of action is thought to be indirect and unspecific to connexin 

protein (Srinivas & Spray, 2003). Furthermore, non-specific action has also been proven for quinine 

inhibitors, which were able to block a subgroup of gap junction channels formed by Cx36 and Cx50, but 

failed to block the gap junctions formed by other connexins (Srinivas et al., 2001).  

 

Pannexin channel activity is a possible therapeutic target for the dysfunctional cell environment when there 

is inflammation and oxidative stress. However, pannexin blockers do not seem to completely prevent 

inflammation, as ATP release by pannexin channels can trigger T cell activation resulting in calcium ion 

influx (Schenk et al., 2008). Pannexin activation also contributes to ATP release in apoptosis (Qu et al., 

2011) and activation of the Toll-like receptor-independent inflammasome (Kanneganti et al., 2007). 

Reducing the activation of pannexin1 channels can have a protective effect on disease onset and 

progression (Jiang & Penuela, 2016). Pannexin activation has been shown to prevent deleterious effects in 

neurodegeneration (Xu et al., 2018). During an insult, both connexin and pannexin are up-regulated, 

leading to apoptotic onset mechanisms (Jiang & Penuela, 2016). Opening of pannexin1 channels releases 

ATP, causing autocrine activation of P2X7 receptors. P2X7 then activates the pyrin domain-containing 
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protein 3 (NLRP3) inflammasome, and enhances the inflammation effect in the cellular environment 

(Jiang & Penuela, 2016). More recent evidence demonstrates that connexin hemichannel opening has the 

same effect (Kim et al., 2018; Mugisho et al., 2018), however the relative contribution of each of these 

channels types remains to be determined.  
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1.14  Objectives of the study 

 

Connexin channel modulators have been successfully applied to the treatment of central nervous system 

conditions and trialled in in vitro and in vivo models of ocular disease. In an effort to further understand 

the effect of connexin channel modulation on the function, morphology and cellular activity of the retina in 

particular, investigations were performed on the light-damaged rat model and on a spontaneous diabetic rat 

model.  

 

The hypothesis was that therapeutic approaches that target Cx43 hemichannels can overcome the effect of 

oxidative stress, inflammation and inflammasome mechanisms of damage in ocular pathologies, and 

careful choice of an appropriate delivery and intervention regimen will contribute to the success of the 

therapy. 

 

The investigation had three objectives: 

 

1) To determine the functional, morphological and molecular effect of interventions using Cx43 mimetic 

peptide or tonabersat, delivered systemically, intraocularly or orally in the light-damaged rat model 

 

I first investigated the effect of delivering Cx43MP via repeated intravitreal injections and recorded the 

effect for up to 2 weeks after intervention (Chapter 3). In order to reduce the side-effects associated with 

injections, Cx43MP was incorporated within nanoparticles (NP) for sustained slow-release (Chapter 4). 

The Cx43 modulator tonabersat was then trialled using systemic injection in the treatment of light induced 

chorio-retinal damage, and also following oral delivery (Chapter 5 and Chapter 6). ERG was used to 

determine the function of the retina, OCT for morphology of the fundus and retinal layers, and 

inflammation was identified using immunohistochemistry together with Western blotting.  

 

 

2) To distinguish the role of connexin hemichannel modulation from pannexin channel inhibition, as 

assessed by effect on functional, morphological and molecular properties of the light-damaged rat eye. 

 

Tonabersat and probenecid were used as connexin and pannexin channels inhibitors, respectively. In order 

to determine the contribution of these channels to damage and repair, the inhibitory effect of the drugs was 
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tested in the intense light damaged animal model (Chapter 6). I used electroretinograms, optical coherence 

tomography and immunohistochemistry analysis to compare the effects of the drugs.  

 

3) To determine whether a Cx43 hemichannel blocker can prevent ocular vascular damage, as assessed by 

functional, morphological and molecular assessment of a new animal model of spontaneous diabetes with 

early signs of diabetic retinopathy.  

 

I examined the underlying histopathology and anatomical changes in a new animal model found to have 

hyperglycaemia associated with hyper-reflective dots in optical coherence tomography images of the eye, 

which is indicative of early diabetic retinopathy. This unique strain served as a model in which to trial the 

effect of the orally delivered Cx43 therapy, tonabersat, as an inhibitor of lesions and inflammation found in 

this model (Chapter 7). 
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Chapter 2: Material and methods 
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2.1  Materials and Methods 

 

This chapter provides a general outline of the experimental procedures used throughout this thesis and 

details of techniques. Particulars of any given experiment are described in the corresponding results 

chapter.  

 

 

2.2  Rearing of rodents: SD and MSD rats  

 

Four-to-eight week old Sprague-Dawley (SD) rats (100-250 g; male or female) were used in the 

experiments. A total of 113 SD and Main Sprague-Dawley (MSD) rats were used over all the experiments. 

All experimental procedures were approved by the University of Auckland Animal Ethics Committee, 

Approval No. 1462, and comply with the Association for Research in Vision and Ophthalmology (ARVO) 

statement on the use of animals in eye research. SD rats were used to create a model of retinal 

degeneration induced by intense light-exposure. The light-damaged rat model exhibits acute retinal 

damage that mimics the pathology of AMD in humans, as described previously (Marc et al., 2008; Noell et 

al., 1966; Yu et al., 2007). 

 

A spontaneous diabetic strain (MSD rats) emerged within the SD colony and an inbreeding procedure was 

set up to establish a colony of these animals. Animals were maintained under the same breeding conditions 

described for SD rats, but at four weeks of age the MSD rats were screened for glycaemia and ocular 

abnormalities, including in the structure and function of the retina. The screening was conducted in every 

animal born up to the 3
rd

 generation (F3) to confirm the inherited trait. A total of 20 rats were used in this 

screening study. While this investigation concerned the study of the AMD condition, these hyperglycaemic 

animals were used to evaluate the effect of treatment on other retinal pathologies for comparison with the 

founder normal SD rats. The ocular assessment consisted of anterior to posterior segment evaluation, 

including evaluation of the cornea, iris, lens, retina and the choroid. The MSD rat colony is now under the 

breeding programme managed and maintained under the guidance of staff at the Vernon Jansen Unit, 

University of Auckland. 
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2.3  Light damage procedure for SD rats 

 

Light damage procedures were conducted on SD rats only. SD rats were obtained from the Vernon Jansen 

Unit, University of Auckland. Light damage to the eye was induced using fluorescent light tubes (Philips 

Master TL-D 18W/965) at luminance 2700 lux placed directly above the rat cage. This source of light has 

broad band emission in the range  380 to 760 nm, and the fluorescent tubes generate no heat to the 

environment of the cages, as has been previously demonstrated (Yu et al., 2007). Animals were allowed to 

roam free in the cage during light exposure and had free access to food and water.  The light damage 

experiments were started consistently around 9:00 am. After 24 hours of intense light exposure, the 

animals were returned to normal light-dark cycle conditions of 12 h light at 174 lux and 12 h darkness at < 

62 lux, and then allowed to recover for 24 hours, 1 week, 2 weeks or 3 months.   

 

 

2.4 Animal anaesthesia 

 

Animals were anaesthetised by intraperitoneal injection (i.p.) using a combination of ketamine (75 mg/kg, 

Parnell Technologies, Auckland, New Zealand) and domitor (0.5 mg/kg, Pfizer, Auckland, New Zealand). 

Animals were checked for corneal reflex and paw pinch reflex, which are indicators of anaesthetic depth in 

rats. Anaesthesia was reversed by intraperitoneal injection of atipamezole (1 mg/kg Pfizer, Auckland, New 

Zealand), and the animals returned to the cages. Warm water bottles were used to maintain the animals‟ 

body temperature during recovery. 

 

 

2.5 Measurement of body mass and glucose level in rats 

 

The SD rat and MSD rat weights were used in the calculation of the anaesthesia procedures, and as a 

measure of body mass changes over time and with treatment at 4 weeks, 6 weeks and 8 weeks of age, up to 

the end of the experimental procedures. Glucose levels were also measured prior to the start of 

experiments. The body weight and blood collection methods followed previously published procedures 

with minor modifications (Cheng et al., 2013) . 
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Blood glucose concentration was determined by analysing blood obtained from the tail vein. Briefly, the 

rats were not fasted overnight during the experiment, and blood glucose was measured at 9.00 am in the 

morning at 4 weeks, 6 weeks and 8 weeks of age. For blood collection purposes, 1 drop of blood was 

obtained from each rat‟s tail vein by pricking with a 27G needle (BD PrecisionGlide, Auckland, New 

Zealand). Rats were immobilised by placing them in a tube restrainer which reduced stress for the rats 

during handling. The tail was thoroughly washed with warm water and dried with a clean towel before the 

sample was taken to measure blood glucose levels in the non-fasting animals (Lee et al., 2003). The blood 

glucose level was examined using a blood glucose meter (Freestyle Optium H Glucometer, UK) and 

glucose strips (FreeStyle Optium, UK). 

 

According to the manufacturer, the glucose test strip contains electrodes loaded with glucose 

dehydrogenase (GDH), coenzyme nicotinamide adenine dinucleotide (NAD) and an electron mediator, 

phenanthroline quinone (PQ). The drop of blood contributes glucose to the reaction, resulting in blood 

glucose being oxidised to gluconolactone by reaction with NAD, a process that is catalysed by GDH. The 

PQ then reacts with reduced coenzyme (NADH), forming a reducing mediator and returning the coenzyme 

to its oxidised state – NAD. The oxidised state produces a small electric current which is equivalent to the 

concentration of glucose in the sample and is measured by the glucose meter. The reaction occurs in less 

than 30 seconds. 
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2.6  Drugs preparation 

 

 

2.6.1 Mimetic peptide preparation and intravitreal injection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Chemical structure of Cx43MP which was derived as a mimetic peptide matching part of the 

extracellular domain 2 (E2) of the connexin43 protein. E1 and E2 are involved in docking. 

 

The Cx43MP used in this experiment has the sequence H-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-

Lys-Thr-OH. It has a molecular weight of 1396 g/mol as shown in Figure 2.1. The Cx43MP was custom 

made by Auspep Pty. Ltd, Australia. A Hamilton syringe attached to a 30 G x ½ needle (BD 

PrecisionGlide™) was used for the injection. In order to avoid damage to the lens, the injections were 

placed into the temporal side of the eye after gently rotating the eyeball to the nasal side by holding the 

bulbar conjunctiva. Maxitrol (Alcon, USA) was also applied to the cornea after the intravitreal injection. 

Figure 2.2 shows the experimental set up and outline of the intervention protocols. 
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Figure 2.2: Diagram of the light exposure paradigm and intervention procedures in Cx43MP, saline and 

untreated groups over a 2-week period. Treatment consisted of 4 μL of Cx43MP at concentration 280 μM 

injected into the vitreous in both eyes of the light damaged rats, with injections performed 2 hours after 

light onset and then immediately following 24 hours of light exposure. The untreated group was 

administered no Cx43MP or saline; the saline group was administered 4 µL of saline only; and the 

Cx43MP group was administered 4 µL Cx43MP, as described above. ERG and OCT were performed at 24 

hours and 2 weeks post light damage before enucleation of the eye. 

 

 

2.6.2  Mimetic peptide in nanoparticle preparation and intravitreal injection 

 

Poly (d,l lactic-co-glycolic acid) (PLGA) loaded with Cx43MP was prepared according to the procedure as  

previously (Chen et al., 2015). The PLGA associated with nanoparticles (NP) has a molecular weight of 

13,600 g/mol, inherent viscosity of 0.19 dl/g and is produced as a 50:50 ratio of lactic to glycolic acid 

(Sigma–Aldrich, Auckland, New Zealand). Cx43MP (MW 1396 g/mol) was purchased from Auspep 

(Tullamarine, Australia).  The double emulsion solvent evaporation method was used to prepare the PLGA 

NPs loaded with Cx43MP. Briefly, 5 mM Cx43MP was prepared in an aqueous solution. The Cx43MP 

solution was then emulsified in dichloromethane and 30 mg/ml of PLGA using a probe sonicator 

(Hielscher, Germany) to agitate particles for 1 min and form the primary water/oil (w/o) emulsion. The 

sonicator was set at 50 W power with a duty cycle 0.6 s per min. The primary w/o emulsion underwent a 

second emulsification in 3% w/v poly (vinyl alcohol) (PVA) aqueous solution to form a multiple w/o/w 

emulsion. The multiple w/o/w emulsion was then poured into a 0.1 % w/v aqueous PVA solution. This 

procedure was performed to stabilise the double emulsion during the evaporation process, and was 
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followed by ultracentrifugation at 4 °C using a ProteomeLab™ XL-A/XL-I Type 70 Ti rotor (Beckman 

Coulter, Auckland, New Zealand) set at 30,000 rpm. The Cx43MP-NPs were then lyophilised (VirTis, SP 

Scientific, Gardiner, USA) for 24 hours. 

 

The Cx43MP-NPs was then diluted in saline to a final peptide concentration of 280 µM. This peptide 

concentration was chosen based on the outcome of previous intervention studies in the light damaged rat 

model using Cx43MP (Guo et al., 2014). A Hamilton syringe attached to a 30 G x ½ needle (BD 

PrecisionGlide™) was used for the injection. In order to avoid damage to the lens, the injections were 

placed into the temporal side of the eye after gently rotating the eyeball to the nasal side by holding the 

bulbar conjunctiva. Maxitrol (Alcon, USA) was also applied to the cornea after the intravitreal injection. 

Figure 2.3 shows the experimental set up and outline of the intervention protocols. 

 

 

 

 

 

 

 

Figure 2.3: Diagram of the light exposure paradigm and intervention procedures for the saline, Cx43MP 

and Cx43MP-NP groups over a 2-week period. Treatment consisted of 4 μL of  saline/Cx43MP/Cx43MP-

NPs at concentrations of 280 μM injected into the vitreous of both eyes of the light damaged rats, with 

injections performed 2 hours after light onset exposure. ERG and OCT were performed at 24 hours, 1 

week and 2 weeks post light damage before enucleation of the eye. 

 

 

2.6.3  Tonabersat and probenecid preparation and intraperitoneal injections 

 

The tonabersat solution was prepared according to the procedure as previously described (Kim et al., 

2017). Briefly, tonabersat was weighed and added to polyethylene glycol (PEG) (molecular weight 400 

g/mol; Sigma Aldrich) / (2-hyrdoxypropyl)-β-cyclodextrin (Sigma Aldrich, St. Louis, MO, USA) vehicle 

mixture at the ratio of 10 mg per 10 ml PEG /cyclodextrin. Then, MilliQ water was added up to 6 ml 

followed by 4 ml PEG. The solution was mixed thoroughly and sonicated in a 35–40 
°
C water bath for 2 

hours. This drug solution was freshly prepared and the balance then stored at 4 
°
C for up to 2 weeks. 
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Tonabersat was prepared at a concentration of 1 mg/ml to obtain 30 µM blood concentrations. Rats treated 

with 1 mg/ml were injected with 0.24 ml, or the weight equivalent of 0.24 mg tonabersat delivered as a 

single injection during the light damage procedure.   

 

For the probenecid treatment, probenecid was dissolved in 2 mM sodium hydroxide, and the pH adjusted 

to 7.0 with 0.2 M hydrochloric acid (Wei et al., 2015). Briefly, probenecid was weighed and 50 mg added 

to 1 ml of sodium hydroxide followed by adjustment of the pH. This stock was then stored at -20 
°
C. The 

probenecid was prepared at a concentration of 50 mg/ml to deliver 1 mM in blood. In the group of rats 

treated with 50 mg/ml, 0.115 ml was administered per rat, or the weight equivalent of 5.75 mg of 

probenecid in a single injection. All intraperitoneal injections were conducted using a syringe attached to a 

27 G x ½ needle (BD PrecisionGlide™). Figure 2.4 shows the experimental set up and outline of the 

intervention protocols. 

 

 

 

 

 

 

 

 

 

Figure 2.4: Diagram of the light exposure paradigm and intervention procedures for the saline, probenecid, 

tonabersat and combination probenecid and tonabersat groups over a 2-week period. The intraperitoneal 

injections were performed 2 hours after light onset and immediately after 24 hours of light exposure in the 

light damaged rats. ERG and OCT were performed at 24 hours, 1 week and 2 weeks post light damage 

before enucleation of the eye. 

 

 

2.6.4  Tonabersat preparation in peanut butter for voluntary oral treatment 

 

Tonabersat in peanut butter was prepared according to the procedure as previously described (Diogo et al., 

2015). Voluntary oral administration is a non-invasive way of administering drugs in animal research. The 

peanut butter was commercially obtained (Kraft, Dunedin, New Zealand). The ingredients were 85% 
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roasted peanuts, 1.9 g sugar, hydrogenated vegetable oils, and 127 mg salt. The caloric content was 26.10 

kJ/g, protein content 22.2%, fat content 49.4%, and carbohydrate content 23.8%. For the oral treatment rats 

were randomised into 4 groups (n= 6 rats per group). The control group was administered 0.5 g peanut 

butter only. The treatment groups were administered 0.5 g peanut butter with 0.28 mg/kg, 0.48 mg/kg or 

0.80 mg/kg tonabersat mixed in. The benefit of this approach is that it involves less direct handling of the 

animal and reduces the stress associated with administration of drugs. The drug or vehicle was placed on a 

petri dish inside the cage and its consumption monitored over 24 hours. Drug or vehicle deliveries were 

considered incomplete when any residue was found in the cage bedding and those animals excluded from 

the study. Figure 2.5 shows the experimental set up and outline of the intervention protocols. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Diagram of the light exposure paradigm and intervention procedures with vehicle (peanut 

butter) or tonabersat at various concentrations. Treatment consisted of various concentrations of oral 

tonabersat with vehicle, or vehicle only, performed 2 hours after light onset and immediately after the 24 

hours of light exposure. ERG and OCT were performed at 24 hours, 1 week and 2 weeks post light damage 

before enucleation of the eye. 
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2.7  Electroretinogram 

 

2.7.1 ERG recording 

 

The procedure was performed as described previously (Yu et al., 2007). SD rats were dark-adapted 

overnight for 12–14 hours before the ERG recording. The overnight dark-adaption was required as rods are 

easily saturated in light condition.  ERG baseline was recorded before light damage and recordings were 

also conducted 24 hours, 1 week, 2 weeks and 3 months after the intense light damage. A dim red light 

generated by a light-emitting diode (λmax = 650 nm) was used during manipulations. After complete 

anaesthesia, the rats were subjected to the ERG recording. The cornea was kept hydrated with 1% 

carboxymethylcellulose sodium (Celluvisc, Allergan, CA) throughout the ERG recording. ERG values for 

the right and left eye were recorded using animal gold ring electrodes (Roland Consult, Havel, Germany). 

The U-shaped active electrode was kept in contact with the eyelid-cornea interface. The V-shaped inactive 

electrode was hooked around the front teeth and kept in contact with the wet tongue. Body temperature 

was kept at approximately 37 °C to avoid temperature-driven ERG amplitude fluctuation. Full-field ERG 

responses were elicited by a twin-flash (0.8 ms second stimulus interval) generated from a photographic 

flash unit (Nikon SB900 flash, Tokyo, Japan), via a Ganzfeld sphere. Recordings were performed in a 

Faraday cage to reduce electrical noise. Paired flashes of identical luminous energy were triggered from 

the flash unit. The rod and cone mixed response was recorded after the initial flash, and the response was 

subtracted from the second flash to represent function in the cone photoreceptors only. The results of ERG 

signals were amplified 1,000 times by a Dual Bio Amp and waveforms recorded using Scope software 

(AD Instruments, Sydney, Australia). Published algorithms were used in the analysis of the amplitudes of 

a-wave and b-wave ERGs for each eye (Guo et al., 2014). 

 

 

2.7.2 ERG data analysis 

 

The previously reported method of ERG analysis (Yu et al., 2007) was adapted to our experimental 

procedures.  Briefly, the a-wave reflects the rod photoreceptor response in the outer retina, with post-

photoreceptor response reflected by the b-wave in the inner retina.  The a-wave with negative waveform is 

based on the negative PIII component and the b-wave is the summation of the PIII and PII components. 

PIII can be divided into fast PIII and slow PIII. However in full ERGs, slow PIII cannot be differentiated 
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due to the large amplitude positive P-I wave but the fast PIII can be detected. In the b-wave, the 

components PIII and PII are the summation of photoreceptor and bipolar response in the inner retina. The 

b-wave is the major component of ERGs in humans and changing impulses from photoreceptors contribute 

to reduction of the b-wave.  

 

The difference between the pre-stimulus baseline and trough of the waveform was measured to give the 

amplitude of the a-wave. For the b-wave, the waveform was measured in between an a-wave trough and 

the peak of the waveform, or between the baseline and the peak of the waveform if there was no a-wave.  

The implicit times for a- and b-waves were measured from the stimulus onset to the trough of the a-wave 

or the peak of the b-wave respectively (Vessey et al., 2011). The Michaelis-Menten function was used to 

represent and plot amplitudes of a- and b-waves from the mixed rod and cone  responses as a function of 

intensity, according to the following model (Naka & Rushton, 1966): 

 

R = Rmax ×  I
n 

/ (I
n 

+ K
n
) 

 

 Equation 2.1: Equation for Michaelis-Menten function 

 

where Rmax (µV) is the maximum amplitude, I (log cd.s/m
2
) is the stimulus intensity, is an exponent 

related to the slope of the function, and K (log cd.s/m
2
) is the intensity for semi-saturation. At the highest 

intensity, 2.1 log cd/m
2
, the rod and cone pathway waveforms were isolated using a twin flash paradigm.  

For the  rod response, the a-wave was modelled (Rod PIII) using a nonlinear function (Hood & Birch, 

1990): 

 

PIII (i × t) = {1 – exp[–1/2 × i × S × (t – td)
2
]} × Rmax 

 

Equation 2.2: Equation for nonlinear function 

 

In this equation,  represents the current generated by all the photoreceptors as a function of stimulus 

intensity (i, cd.s/m
2
) and time (t, seconds).  Rmax (µV) is the saturated amplitude from the stimulus, S 

(sensitivity) characterises the gain of photo-transduction process (m
2
 / cd × s

3
) and td (seconds) is the time 

latency between the stimulus onset and the start of the response.  
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An inverted gamma function was used in the rod b-wave, previously isolated by subtracting the rod PIII 

from the raw waveform, resulting the response of the rod PII response. Oscillatory potentials (OPs) are 

another way of investigating the inner retinal function response. OPs are extracellular electrical currents 

generated between amacrine, ganglion cells and bipolar cells in the inner retina. They are very sensitive to 

ischaemia and diabetic retinopathy. In the early disease state, despite normal a-waves and b-waves, the 

OPs can indicate delay so providing an indicator of early signs of the diseases. In the ERG, the OPs are 

four to six signals present on the rising phase of the b-wave. The individual peaks have also been shown to 

have distinct pharmacologic properties, but which specific cells in the retina are responsible for the OPs is 

still being debated, with some suggesting the amacrine cells. OPs were isolated by subtracting the raw b-

wave from the rod PII (Vessey et al., 2011; Weymouth & Vingrys, 2008).  The summed amplitude and 

implicit time of OPs 2, 3 and 4 were then analysed.   

  

  

2.8 Imaging of posterior segment  

 

2.8.1 Funduscopy procedures 

 

All animals, the MSD rats and the light-damaged animal model were subjected to funduscopy 

measurement. The imaging procedures were executed immediately after ERG recordings under anaesthesia 

and pupil dilation. A retinal camera (Micron IV, Phoenix Research Laboratories, Pleasanton, CA, USA) 

was used to capture photos of the fundus of anaesthetised MSD and non-diabetic SD rats as previously 

described (Guo et al., 2016). Rats were placed on a 37 ºC heating pad to maintain body temperature. The 

intraocular pressure of the anaesthetised rat was then measured using an iCare lab tonometer (iCare, 

Finland), calibrated for the rat corneal thickness. The eyes were then dilated with 1.0% tropicamide 

(Bausch and Lomb New Zealand Ltd., Auckland, New Zealand). Dilated eyes were lubricated with Poly 

Gel (containing 3 mg/g Carbomer, Alcon Laboratories, Pty Ltd., New South Wales, Australia). The eye 

was centred facing the camera lens and the posterior pole was visualised by making contact between the 

fundus lens and the gel. Subsequently, the software StreamPix 6 (Phoenix Research Laboratories) was 

utilised to acquire the fundus retinal photographs for each eye once the camera had been centred on the 

optic nerve head (ONH). 
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2.8.2  Spectral domain optical coherence tomography (SD-OCT) procedures 

 

Immediately after fundus photography, the OCT imaging technique was used to obtain information on in 

vivo retinal layers and choroid structure. Spectral domain optical coherence tomography (SD-OCT, Micron 

IV; Phoenix Research Labs, Pleasanton, USA) was employed. Rats were placed on a 37 ºC heating pad to 

maintain their body temperature and to prevent the development of cold cataracts. Dilated eyes were 

covered with Poly Gel (3 mg/g Carbomer, Alcon, Australia) and the retina was visualised by contacting the 

OCT lens to the gel. StreamPix 6 software, version 7.2.4.2 (Phoenix Research Laboratories, Pleasanton, 

USA) was used in image acquisition. The SD-OCT ultra-broadband (160 nm) light source was used to 

obtain 1024 pixels per A-scan and 10 frames per horizontal B-scan with 2-μm axial resolution. Images 

were acquired 2 mm from the optic nerve in the dorsal retina. Images were analysed using InSight 

software, version 1.1.5207 (Phoenix Research Laboratories, Pleasanton, USA) to calculate the thickness of 

retinal layers and choroid. The InSight software extracts information from the OCT images in order to 

perform segmentation on the entire block of images and calculate a segmentation volume for each 

experimental animal eye. This procedure determines the volume of tissue between two specified layers and 

also, as a consequence, the elimination of the ONL The OCT scans were performed at 500, 1000 and 1500 

µm  from the ONH particularly in the superior retinal quadrant, as it is the quadrant most associated with 

light damage (Organisciak & Vaughan, 2010; Rapp & Williams, 1980). 

 

 

2.8.3  Hyper-reflectivity in the MSD rats 

 

Immediately after the funduscopy procedures, and under the same anaesthesia and pupil dilation, a series 

of posterior segment horizontal B-scans with 2µm axial resolution were taken using SD-OCT (Micron IV, 

Phoenix Research Laboratories, Pleasanton, CA, USA) to examine: 1) for presence of classic signs of non-

proliferative diabetic retinopathy including hard exudates, microaneurysms and dot/blot haemorrhages in 

the 4 week-old spontaneously diabetic rat retina, according to guidelines for monitoring human diabetic 

changes in the eye ("Diabetic Retinopathy Screening Card," 2018; Health, 2016); and, 2) whether there 

was a difference in thickness of the retinal layers between the MSD and SD rats.  

 



59 
 

For the purpose of retinal thickness analysis, four retinal B-scans were captured at the optic nerve, 1 mm 

and 2 mm superior and inferior to the optic nerve head. InSight Software version 1.1.5207 (Phoenix 

Research Laboratories) was calibrated to measure retinal layer thickness. 

 

 

2.8.4 SD-OCT analysis protocol 

 

Images were analysed using InSight software, version 1.1.5207 (Phoenix Research Laboratories, 

Pleasanton, CA) to calculate the thickness of the choroid and the retinal layers.  Total retinal thickness was 

measured from the retinal pigment epithelium to the edge of the nerve fibre layer with the vitreous. The 

choroid was measured from the hyper-reflective Bruch‟s membrane to the choroidal-scleral interface. The 

outer nuclear layer was measured from the outer limiting membrane interface to the outer plexiform layer 

interface. The scanning was done in a naso-temporal direction, 2mm above and below the optic nerve.  

 

 

2.9  Immunohistochemistry 

 

2.9.1 Animal tissue collection and processing 

 

At the conclusion of the last SD-OCT analysis, rats were deeply anesthetized via intraperitoneal injection 

of ketamine and domitor overdose. The rat was perfused transcardially with saline for 2-3 minutes 

followed by perfusion with 4% paraformaldehyde (PFA) in a 0.1 M phosphate buffer (PB). The eye was 

enucleated from the orbit, and the cornea and lens were removed in order to fixate further tissues inside the 

eyes by submerging the eyecup in 4% PFA for 30 minutes followed by a wash in 0.1 M phosphate buffer 

saline (PBS), pH 7.4. The eyecups were emersed in sequential 10% and 20% sucrose solutions each 30 

minutes and lastly in 30% sucrose at 4 
°
C overnight. The eyes were then embedded in optimum cutting 

temperature compound (SakuraFinetek, Torrance, USA) and cryo-sectioned at 16 m thickness in the 

vertical plane to the retina using a Leica CM3050 S cryostat (Leica, Heidelberg, Germany). Sections of the 

retina were collected using Superfrost Plus Slides (Labserv, Auckland, New Zealand) and the slides were 

stored at -20 
°
C for susbequent immunohistochemistry labelling or staining procedures. 
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2.9.2 Flat mount of the retina 

 

In order to determine the penetration of drug into the tissues, the eyes were injected with fluorescein 

isothiocyanate (FITC)-conjugated Cx43MP. The FITC-Cx43MP sequence was FITC-βAla-Val-Asp-Cys-

Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-OH with molecular weight 1856 g/mol. The FICT-Cx43MP was 

custom made by Auspep Pty. Ltd, Australia. The FITC labelling was assessed in the retina and choroid. 

FITC-conjugated drug was used at a concentration of 280 µM and injected into the vitreous immediately 

following 24 hours of intense light exposure. Tissues were collected 30 minutes post-injection, fixed in 4% 

paraformaldehyde (PFA) for 30 minutes, and washed and mounted in Citifluor. FITC signal was visualised 

using Olympus FluoView FV1000 (Olympus Corporation, Tokyo, Japan).  

 

 

2.9.3 Immunohistochemical labelling of tissues 

 

Immunohistochemical labelling was conducted using the indirect immunofluorescence technique. Briefly, 

frozen tissue sections were air-dried at room temperature for 10–15 minutes and washed with 0.1 M 

phosphate buffer (PB). Excessive moisture was removed using delicate task Kimwipes (Kimberly-Clark 

Professional, USA) and then tissue sections were encircled using a PAP pen (Invitrogen, New Zealand). 

The sections were then blocked with a solution containing 6% normal goat serum (or donkey serum) 

(Invitrogen, USA), 1% bovine serum albumin (BSA) and 0.5% triton X-100 in 0.1 M phosphate-buffered 

saline (PBS) for 1 hour at room temperature. The primary antibodies (Table 2.1) were prepared and diluted 

in 0.1 PBS containing 3% normal goat serum or donkey serum (Invitrogen, USA), 1% bovine serum 

albumin (BSA) and 0.5% triton X-100. The tissues were immunolabelled with primary antibodies applied 

overnight at room temperature in a volume sufficient to cover the tissue. The primary antibodies mainly 

function to bind to their antigen epitope on the targeted protein. Slides were then washed in 0.1M PB four 

times for 5 minutes each (total 20 minutes). The secondary antibody, goat anti-rabbit and goat anti-mouse 

conjugated with Alexa TM 488 or Alexa TM 594, was diluted at a ratio of 1:500 in the primary antibody 

buffer and applied to the sections for 3 hours at room temperature. After the incubation period, the sections 

were washed four times for 15 minutes each in 0.1 PB in order to remove unbound antibodies. In the last 

15 minute wash, sections were incubated with 4‟, 6-diamidino-2-phenylindone (Sigma-Aldrich, USA) 

prepared as 1g/ml in 0.1 PBS in order to stain the cell nuclei. Slides were mounted in a non-fluorescence-

fading medium (Citifluor Ltd, London, UK) and coverslips sealed with nail polish to avoid leakage and 

evaporation of the Citifluor.   
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Table 2.1: List of primary antibodies. 

Antibody Production Host Working 

dilution 

Company Cat. 

No 

Immunogen Reference 

Cx43 Polyclonal Rb 1:1000 Sigma-

Aldrich, 

USA 

C6219 Synthetic peptide 

corresponding to 

amino acids 363-382 

of human and rat Cx  

(Kerr et 

al., 2010; 

Guo et al., 

2014) 

GFAP Monoclonal, 

clone G-A-5, 

Cy3conjugate 

Ms 1:1000 Sigma-

Aldrich, 

USA 

C9205 The carboxy terminal 

Cys II fragment and 

the N-terminal part 

of sequence of GFAP  

(Danesh-

Meyer et 

al., 2008; 

Guo et al., 

2016) 

CD45 

 

Monoclonal, 

clone OX-1 

Ms 1:20 BD 

Pharmingen, 

USA 

550566 CD 45-enriched 

glycoprotein fraction 

from Winstar rats 

thymocytes 

(Adamis et 

al., 2003; 

Guo et al., 

2016) 

Iba-1 

 

Polyclonal Gt 1:250 Abcam, 

USA 

Ab5076 Synthetic peptide 

corresponding to 

amino acids 135-147 

of human Iba1 

(Xu et al., 

2008; 

Guo et al., 

2016) 

NLRP3 

 

 

 

ASC 

 

 

VEGF 

 

Monoclonal 

 

 

 

Polyclonal 

 

 

Monoclonal 

Ms 

 

 

 

Rb 

 

 

Ms 

1:200 

 

 

 

1:200 

 

 

1:200 

AdipoGen, 

USA 

 

 

Santa Cruz, 

 

 

Sigma-

Aldrich, 

USA 

A27381

510 

 

 

sc-

22514-R  

 

sc-7269 

  

Recombinant mouse 

NLRP3/NALP3 

(pyrin domain/aa 1-

93) 

Epitope mapping at 

the N-terminus of 

ASC of human origin 

Raised against amino 

acids 1-140 of human 

VEGF 

(Heneka et 

al., 2012; 

Kim et al., 

2017) 

(Yin et al., 

2017) 

 

(Li & Sun, 

2010) 

        

  

 2.9.4 Imaging  

 

The superior-central region of the retina only was used in the immunohistochemistry labelling and 

imaging. The superior retina was used as a focus area since it has been found to be the most affected area 

after damaging light exposure (Organisciak & Vaughan, 2010). For imaging, a confocal laser scanning 

microscope, Olympus FluoView FV1000 (Olympus Corporation, Tokyo, Japan), with excitation 405, 473 

and/or 559 nm wavelengths was used. A series of four to eight optical slices at 1 m intervals were 

collected through each specimen and image analysis was performed on average intensity projection images 

using Image J software (National Institutes of Health, New York, USA). Six retinas obtained from 

different animals were analysed in each group.  

 

 



62 
 

 

2.10 Statistical analysis 

 

Graphing and statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, San 

Diego, USA).  All data are presented as the mean ± the standard error of the mean (SEM).  Functional and 

morphological data (at least n=6 per group) were compared using analysis-of-variance with an alpha value 

of 0.05. A two-way ANOVA followed by a Bonferroni post-test was used in the ERG response analysis to 

compare the effects of stimulus intensity.  A one-way ANOVA followed by Tukey‟s test was used in the 

ERG response at 2.1 log cd.s/m
2
 intensity in control and LD-animals and also in the OCT data analysis.  
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Chapter 3: Effects of connexin43 mimetic peptide on acute photo-damage 

of the chorio-retinal complex 

 

 

 
 

Some of content of this chapter (approximately 40%) was published in Investigative Ophthalmology & 

Visual Science (IOVS) as part of a peer-reviewed paper titled, „Connexin43 Mimetic Peptide Improves 

Retinal Function and Reduces Inflammation in a Light-Damaged Albino Rat Model‟; Authors: Guo C.X. 

with Mat Nor M.N. and colleagues; August 2016, Vol. 57, 12 pages. Dr Cindy Guo (PhD student 2011 – 

2014) and Nasir Mat Nor (PhD candidate 2014 – 2018) were supervised byby Dr Monica L. Acosta and 

Professor Colin Green who helped design the study. Nasir Mat Nor performed the long-term experiments, 

sectioned the light-damaged animal tissues, collected ERG data, conducted immunohistochemistry and 

imaging, and provided comments on the draft of the manuscript. Cindy Guo performed the short-term 

experiments and data collection/analysis, and wrote the draft of the manuscript with Nasir Mat Nor. 

Figures 5 & 6 in the manuscript, the electroretinography graphs and clinical image descriptions, and the 

discussion of intervention results are Nasir Mat Nor‟s original work. The introduction, results and 

discussion sections of this chapter were prepared independently of the corresponding sections of the 

published paper and have no resemblance to them. More recent literature and novel data not presented in 

the published paper are described in this chapter. 
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3.1 Introduction 

 

Connexin gap junctions and hemichannels play a pivotal role in normal cell growth and transport of 

important molecules between adjacent cells. However, connexin hemichannels have a more specific role as 

they are able to change tissue homeostasis when they transition from a primarily closed channel state to a 

high probability open state following stimuli such as mechanical stress, ischaemia, inflammation and either 

low or very high extracellular calcium concentrations (Goodenough & Paul, 2003). According to recent 

reports, an increase in Cx43 expression, primarily detected in the choroid, RPE and retina, is associated 

with inflammation in retinal pathologies (Guo et al., 2016). This association has been demonstrated in 

experiments using connexin channel-blocking mimetic peptides to prevent connexin hemichannel opening, 

thereby reducing the inflammatory response (Chen et al., 2013; Guo et al., 2016). There is increasing 

research evidence showing that the activity of connexin hemichannels increases following a molecular and 

physical insult, which suggests the possibility of targeting these channels for therapeutic purposes (Guo et 

al., 2016; Leybaert et al., 2017; Musil & Goodenough, 1990; Polusani et al., 2011; Scott et al., 2012; 

Willebrords et al., 2016).  

 

One of the Cx43 modulators is Cx43MP. It is a short amino acid sequence mimicking a portion of the 

second extracellular loop of rat Cx43 (Chen et al., 2015; Guo et al., 2016). Previous studies have indicated 

that Cx43MP treatment is sufficient to block hemichannels without uncoupling the gap junctions when 

optimum drug concentration is used (Kim et al., 2017). Moreover, Cx43MP has been successfully trialled 

in the treatment of central nervous system conditions using various models of ocular disease, such as the 

intense light-damaged animal model (Davidson et al., 2012; Guo et al., 2014; O'Carroll et al., 2008; 

Tonkin et al., 2014). All these studies trialled the effect of Cx43MP in vitro and in vivo within seven days 

of treatment (Guo et al., 2016). However, because the acute damage seen in the light-damaged animal 

model progresses over time, the study reported in this thesis investigated the effect of Cx43MP on retinal 

activity and inflammation over a longer period of time. 

 

In the current study, the effect of the treatment was trialled over two weeks in the intense light-damaged rat 

retinal model of AMD after injection of unmodified Cx43MP at two time points. Functional and 

anatomical changes were monitored to provide insight into new Cx43MP capabilities for the treatment of 

ocular tissues over longer periods of time. 
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3.2 Material and Methods 

 

 

3.2.1 Animals and light damage procedure   

 

Four-to-eight week old SD rats were used in these procedures. Eighteen rats were used for the evaluation 

of the long-term effects of Cx43MP (six rats in the Cx43MP-treated group, six rats in the saline-treated 

group and six rats in the untreated group). The animal husbandry, anaesthesia and drug preparation during 

the light damage experiments were conducted using standard procedures, as described in Chapter 2.   

 

 

3.2.2 Mimetic peptide preparation and intravitreal injections  

 

Cx43MP formulation and intravitreal injections to the eye were performed using standard procedures, as 

described in Chapter 2.  Treatment consisted of 4 μL of Cx43MP at 280 μM concentration injected into the 

light-damaged rat vitreous, with injections performed 2 hours after light exposure onset and then 

immediately following a 24-hour period of light exposure (as described in Chapter 2).  

 

3.2.3 Electroretinogram 

 

The procedure for evaluating function of the retina was performed as described previously in Chapter 2. 

Data were collected at 24 hours and 2 weeks post-injury. The a-wave and b-wave amplitudes and latencies, 

as well as the oscillatory potentials were calculated from the ERG waveforms using the algorithms 

discussed in Chapter 2.  

 

3.2.4 Optical coherence tomography 

 

The OCT imaging technique was executed using standard procedures, as described in Chapter 2. The 

images were taken 1500 µm from the optic nerve in the superior region.  
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3.2.5 Animal tissue collection and processing  

 

After the final ERG recording (2 weeks post-light damage), animal tissue collection and tissue processing 

were executed using standard procedures, as described in Chapter 2.  

 

 

3.2.6 Toluidine blue and alkaline phosphatase staining  

 

In order to assess histological structure, toluidine blue dye was employed to stain nucleic acids and 

polysaccharides to provide contrast and sharpness for viewing the structures of the tissue. Briefly, the 

slide-mounted frozen sections were left to air-dry for 5 minutes at room temperature (n=6 control, n=6 

light damaged). The slides were then washed with 0.1 M PBS followed by 3 minutes of staining with 

toluidine blue prepared as 1 mg/ml in MilliQ water (Badaró et al., 2014). The slides were washed again 

with 0.1 M PBS three times before the sections were cover-slipped.  

 

In a separate experiment, alkaline phosphatase (APase) staining was employed to visualise the vasculature 

in control SD rats (n=6) and after light damage (n=6) (McLeod & Lutty, 1994). Briefly, frozen sections 

were left to air-dry for 5 minutes at room temperature. The slides were then washed with 0.1 M PBS and 

incubated in a solution containing 2 mg of naphthol AS-MX phosphate dissolved in 0.1 mL of dimethyl 

sulfoxide, with 10 mg of fast blue RR salt and 20 mL of 0.1-mol/L TRIS buffer, pH 9.2. The sections were 

incubated for 60 minutes at 37 °C to develop alkaline phosphatase activity.  Slides were then permanently 

mounted using resin, and a bright field microscope (Leica Microsystems, Germany) used to capture the 

APase and toluidine blue stained tissues immediately after they were cover-slipped. 

  

 

3.2.7 Immunohistochemical labelling of tissue sections  

 

Immunohistochemical labelling was conducted using the indirect immunofluorescence technique, as 

described in Chapter 2. The antibodies employed in this study were anti- GFAP (1:1000; Sigma Aldrich, 

USA) and anti-CD45 (1:20; BD Pharmigen, USA). Data were quantified using Image J and reported as 

number of pixels corresponding with the labelling/unit area (n=6 untreated light-damaged rats; n=6 treated 

light-damaged rats).  
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3.2.8 Statistical analysis  

 

Graphing and statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, USA), as 

described in Chapter 2.  Statistical analysis was performed using a two-way ANOVA and unpaired t-test 

with a Welch‟s correction. 

 

 

3.3 Results 

 

3.3.1 Effect of Cx43MP delivery on electroretinograms  

 

The normal ERG values for SD rats ranged between -400 to -600 µV for the a-wave and between 400-700 

µV for the b-wave for the highest light intensity. Normal SD rats showed standard a-wave amplitudes 

(Figure 3.1 A). Intense light exposure for 24 hours resulted in damage to the retina, as shown by the 

attenuated response of the ERG a–waves and b-waves (Figure 3.1) and as previously described (Guo et al., 

2016).  At 24 hours post-light exposure, significant differences between the Cx43MP and the saline-treated 

groups were found in the a-waves (Figure 3.1 A). Cx43MP significantly improved a-wave amplitude 

compared with the saline group at intensities ranging from 1.6 to 2.1 log cd.s/m
2
 (two-way ANOVA, p < 

0.05; Figure 3.1 B). The values obtained after treatment were significantly different from those for the 

normal SD rats, and statistically significantly different from the light damage values at intensities 2.9 to 2.1 

log cd.s/m
2
 (two-way ANOVA, p < 0.001). The b-waves of Cx43MP-treated animals showed significant 

improvement compared with the saline group at intensities -2.9 to 0.1 log cd.s/m
2 

(two-way ANOVA, p < 

0.05), but were reduced compared with normal rats (Figure 3.1 C).  

 

Furthermore, the amplitude of rod PIII in normal SD rats was significantly different compared to 24 hours 

post-light exposure (p < 0.001). However, the rod PIII amplitude of Cx43MP-treated rats at 24 hours post-

light damage was slightly higher but still not significant compared to the saline group (Figure 3.2 A). Rod 

PIII sensitivity in normal SD rats showed a marginal increase, however the differences were significant 

when compared to the saline group. Rod PII sensitivity was slightly higher in the normal SD group 

compared to the saline group, but the difference was also not significant (Figure 3.2 B).  Rod PII amplitude 

was significantly higher in the normal SD group compared with the light-damaged group (p < 0.001), 

however was not significantly different with Cx43MP treatment 24 hours later (Figure 3.2 C). Rod implicit 
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time showed significant differences between normal and light-damaged rats (p < 0.001). For the Cx43MP 

group, rod PII implicit time was not significantly different compared to normal SD rats (Figure 3.2 D). 

 

In addition, normal SD rats showed significantly increased summed OP amplitudes compared to the saline 

and Cx43MP groups, with p < 0.01 (Figure 3.3 A). Normal SD rats also showed significant differences for 

summed OP implicit time compared to the saline group, however no significantly differences for this 

measure were found for the Cx43MP-treated group compared to the normal SD group (Figure 3.3 B). 

 

At 2 weeks post-treatment, the Cx43MP-treated rat group showed a significant increase in mixed a-wave 

amplitude compared with saline-treated rats (Figure 3.4 A). Rats treated with Cx43MP had an almost 200 

μV (on average) improvement in ERG a-waves compared with the saline and untreated rats at intensities 

1.1-2.1 log cd.sm
2
 (p < 0.05 to 0.01; Figure 3.4 A). The effects seen in the ERGs of the Cx43MP, saline 

and untreated groups at 2 weeks post-light damage are shown in Figure 3.4. 

 

A significant difference in mixed b-wave amplitude was detected at 24 hours post-treatment (Figure 3.1 

B). However, this effect was transitory and may reflect the slow action of the treatment as the mixed b-

wave amplitudes of the ERGs performed 2 weeks post-treatment showed a significant improvement in the 

Cx43MP-treated group, for intensities 0.1-2.1 log cd.sm
2
 (p < 0.05 to 0.01; Figure 3.4 B), compared with 

the saline-treated and untreated rats.  
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Figure 3.1: Effect of Cx43MP or saline on eyes analysed 24 hours post-light damage. Representative ERG waveforms for light intensities ranging 

from -3.9 to 2.1 log cd.s/m
2
 for saline and Cx43MP treatment at 24 hours post-light damage compared with normal rats (A). Normal SD rats 

showed standard a-wave and b-wave amplitudes. Cx43MP significantly improved a-wave amplitudes compared with the saline group at intensities 

1.6 to 2.1 log cd.s/m
2
 (two-way ANOVA, p < 0.05). For normal SD rats, the a-wave amplitudes were statistically significantly different at 

intensities 2.9 to 2.1 log cd.s/m
2
 compared to the saline group (two-way ANOVA, p < 0.001) (B). The b-wave amplitudes showed significant 

improvement with Cx43MP treatment compared with the saline group at intensities -2.9 to 0.1 log cd.s/m
2 

(two-way ANOVA, p < 0.05), and were 

statistically significantly better at all intensities in normal SD rats compared to the saline group (C). All average data are expressed as mean ± 

SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction. Significant values in comparison with untreated rats 

are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001 (Note: untreated refers to light-damaged rats with no treatment). 

A 

 B          C  
      

              Light damage + Saline                            Light damage + Cx43MP (24 hours)             Normal SD 
 
 
-1.9 
 
 
1.6 
 
 
2.1 
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Figure 3.2: The rod PIII and PII of the normal SD, Cx43MP and saline rat groups. The amplitude of rod 

PIII was higher in normal SD rats and significantly different to 24 hours post-light damage (p < 0.001). 

However, rod PIII amplitude at 24 hours post-light damage was slightly higher but not significantly 

different in Cx43MP-treated rats compared to the saline-treated group (A). Rod PIII sensitivity in normal 

SD rats was marginally increased, showing significant differences compared to the saline group. Rod PII 

sensitivity was higher in normal SD compared to saline rats, but also did not reach statistical significance 

(B).  Rod PII amplitude was significantly higher in the normal SD group compared to the saline group (p < 

0.001), however in the Cx43MP-treated group, even though slightly higher, the amplitudes compared to 

the saline group were not significantly different (C). Rod implicit time showed a significant difference at 

24 hours in normal SD  (p < 0.001) compared to the saline group. There was no significant difference for 

rod PII implicit time in Cx43MP-treated compared to normal SD rats (D). All average data are expressed 

as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction.  
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Figure 3.3: The OPs of normal SD, Cx43MP and saline group rats. Normal SD rats showed significantly 

increased summed OP amplitudes compared to the saline and Cx43MP groups, with p < 0.01 (A). Normal 

SD rats also showed significant differences compared to the saline group, but the summed OP implicit 

times showed no significant difference in the Cx43MP-treated group compared to the normal SD group. 

All average data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test 

with a Welch‟s correction. 

              A                B 
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Figure 3.4: Effect of Cx43MP or saline on rat eyes analysed 2 weeks post-light damage. Cx43MP significantly improved a-wave amplitudes 

compared with the saline or untreated groups at intensities 1.1 to 2.1 log cd.s/m
2
 (two-way ANOVA, p < 0.05 to 0.01) (A). b-wave amplitudes 

showed significant improvement in the Cx43MP compared to the saline and untreated groups at intensities 0.1 to 1.8 log cd.s/m
2 

(two-way 

ANOVA, p < 0.05 to 0.01) (B). Average rod PIII amplitude (C), rod PII amplitude (D) and cone PII amplitude at intensity 2.1 log cd.s/m
2
 showed 

a significant improvement in the Cx43MP group compared with the saline or untreated groups. All average data are expressed as mean ± SEM. 

Statistical analysis was performed using an unpaired t-test with a Welch‟s correction. Abbreviation: ns, non significant. Significant values in 

comparison with untreated rats are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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Isolated rod PIII, rod PII as well as cone PII waveforms were analysed at the highest stimulus intensity 

(2.1 log cd.s/m
2
), and showed progressive recovery of the rods and cones post-photoreceptor activity in the 

Cx43MP group compared to the saline-treated and untreated groups (Figure 3.4 C-E). Rod PIII sensitivity 

in Cx43MP-treated rats showed a marginal increase 2 weeks post-light damage, but was not significantly 

different compared with the saline or untreated groups (Figure 3.3 A). Rod implicit time in Cx43MP-

treated rats showed a slight decrease, but no statistically significant difference compared with the saline or 

untreated groups (Figure 3.5 B). In addition, cone PII implicit time for rats treated with Cx43MP showed 

no significant difference compared with the saline and untreated groups (Figure 3.5 C). 

 

The Cx43MP-treated rats had significantly increased summed OP amplitudes at 2 weeks compared with 

the saline or untreated groups (p < 0.001; Figure 3.6 A). However, the summed OP implicit times showed 

no significant difference with Cx43MP treatment (Figure 3.6 B). Overall, Cx43MP treatment prevented 

retinal function decline, possibly through protecting photoreceptors, and bipolar and Müller cells in the 

tissue. Accordingly, the structure of the retina was evaluated next. 
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Figure 3.5: Rod PIII sensitivity (A), PII implicit time (B) and cone PII implicit time (C) of Cx43MP, 

saline and untreated groups 2 weeks post-light damage. All data are expressed as mean ± SEM. Statistical 

analysis was performed using an unpaired t-test with a Welch‟s correction.  
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Figure 3.6: The summed OP amplitudes and implicit times for Cx43MP, saline and untreated rats 2 weeks 

after light damage. Cx43MP-treated rats showed significantly increased summed OP amplitude at 2 weeks 

compared with the saline or untreated groups (p < 0.001) (A). Summed OP implicit times showed no 

significant difference for the Cx43MP-treated group compared to the saline and untreated groups. All data 

are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s 

correction. Significant values in comparison with untreated rats are indicated with asterisks: *p < 0.05; **p 

< 0.01; ***p <0.001. 

 

 

 

 

 

 

 

A 

B 



76 
 

3.3.2 Effect of Cx43MP delivery on retinal structure  

 

Toluidine blue stained tissues were used in this analysis. The effect of Cx43MP or saline was investigated 

at 2 weeks post-light damage (Figure 3.7). The toluidine blue analysis of retinal layers revealed very 

similar thickness, but quantification using callipers showed significantly thinner retinal layers in the light-

damaged saline-treated and untreated animals (Figure 3.7 A-B) compared to the Cx43MP-treated rats 

(Figure 3.7 C). Not all the layers were thinner in the saline-treated and untreated groups, with loss of 

retinal thickness being mainly due to significant thinning of the outer nuclear layer (ONL; p < 0.01; Figure 

3.7 D). In addition, the INL of the retina was thinner in the saline-treated and untreated groups (INL; p < 

0.01 to 0.001; Figure 3.7 E). Choroid measurements were not taken in the toluidine blue staining 

experiments.  
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Figure 3.7: The images are toluidine blue stained sections representative of retinas in each animal group (magnification 400×). The effect of 

light damage on the structure of the retina in the light-damaged rat model for untreated, saline-treated and Cx43MP-treated animals is shown 

(A-C): The thickness of the ONL and the INL were measured (D-E). Abbreviations: INL, inner nuclear layer; ONL, outer nuclear layer. Data 

are expressed as mean ± SEM. Statistical analysis was conducted using two-way ANOVA, followed by post-hoc test. Significant values in 

comparison with results for the untreated group are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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3.3.3 Effect of Cx43MP delivery on blood vessels  

 

For the APase analysis, blood vessels were stained blue (Figure 3.8 A-B). At 24 hours post-light damage 

there was no apparent change in the vasculature patterns of the retina and choroid. Therefore, OCT was 

used in subsequent experiments to image the tissue without staining the blood vessels. In other studies, 

damage to the vasculature indicative of neovascularisation has been seen in this animal model 6 months 

after light damage (Marc et al., 2008).  

 

Analysis of retinal layer thickness was obtained from in vivo spectral domain OCT scans at 2 weeks post-

treatment (Figure 3.9). In the normal SD rats, ONL thickness was 50-60 µm, INL thickness 20-30 µm and 

choroid thickness 20-30 µm. OCT imaging showed significant thinning of the retina in the light-damaged 

saline-treated and untreated eyes, while Cx43MP preserved retinal thickness in light-damaged retina 2 

weeks post-treatment (Figure 3.9 C). Moreover, Cx43MP was seen to specifically preserve the ONL and 

INL (Figures 3.9 D-E; p < 0.01). The Cx43MP-treated group also showed preserved choroidal thickness 

compared with untreated and saline-treated light-damaged groups (p < 0.01; Figure 3.9 F). 
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Figure 3.8: Effect of light on blood vessel patterns in the light-damaged rat (A) compared to normal unexposed SD rats (B), and assessed using 

alkaline phosphatase staining. At 24 hours post-light damage, there was no obvious change in the pattern of blood vessels in the retina and 

choroid. Abbreviation: ONL, outer nuclear layer.  
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Figure 3.9: Effect of no treatment, saline and Cx43MP on retinal thickness in the light-damaged rat. Representative OCT images of untreated 

(A) and saline-treated (B) rats showing thinning of the choroid and the retina, especially the ONL and INL, compared to Cx43MP-treated rats 

where there is preservation of the choroid and retina (C). Quantification of INL (D), ONL (E) and choroid (F) thickness. Abbreviations: INL, 

inner nuclear layer; ONL, outer nuclear layer. All data are expressed as mean ± SEM. Significant values in comparison with results for the 

untreated group are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001. 
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3.3.4 Immunohistochemical labelling of tissue sections 

 

Immunohistochemical labelling was performed with selected antibodies in order to screen the effect of 

Cx43MP on inflammation at 2 weeks post-light damage. GFAP was used to determine the effect of 

Cx43MP on gliosis by labelling astrocyte and Müller cell reactivity. In the normal retina, GFAP, a 51 kDa 

intermediate filament protein, is only detected in astrocytes and the endfeet of Müller cells in the NFL and 

GCL (Chang et al., 2007). Müller cells, however, express GFAP in the cell body in response to stress. 

There was weaker immunoreactivity for GFAP in Cx43MP-treated rats (Figure 3.10C) compared with 

saline-treated (Figure 3.10 B) and untreated animals (Figure 3.10 A), in which intense GFAP 

immunoreactivity associated with the processes of Müller cells was seen extending up to the outer nuclear 

layer. In the Cx43MP group, GFAP was only detected in the retinal nerve fibre layer.  

 

In addition, the effect of Cx43MP on immune cells was investigated by labelling immune cells with a 

lymphocyte common antigen marker (CD45). CD45 is a glycoprotein of 180-240 kDa. In normal rats 

CD45 labels only a few cells limited to the choriocapillaris layer of the choroid (Birkeland et al., 1989). As 

previously reported (Guo et al., 2014), the number of CD45 labelled cells increases significantly in the 

light-damaged rat retina. Figure 3.10 shows there were fewer labelled cells in the choroid of Cx43MP-

treated animals (Figure 3.10 F), compared with saline-treated (Figure 3.10 E) and untreated animals 

(Figure 3.10 D). Quantification was carried out to find the GFAP immunoreactivity area and mean number 

of CD45 positive cells in the Cx43MP, saline and untreated light-damaged rat groups.  The results show a 

smaller increase in the GFAP reactive area in the Cx43MP-treated group compared to the saline or 

untreated groups (p < 0.001) (Figure 3.11 A). The mean number of CD45 positive cells was significantly 

less in the Cx43MP group compared with the saline or untreated groups (p < 0.001) (Figure 3.11 B). Taken 

together, these results suggest a strong association between functional and structural preservation with 

Cx43MP treatment of the light-damaged rat model. 
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Figure 3.10: Effect of Cx43MP or saline on gliosis and inflammation in the light-damaged rat retina. GFAP immunoreactivity did not increase 

in the retina of Cx43MP-treated rats (C) compared with untreated rats (A) or saline-treated rats (B). Untreated and saline-treated light-damaged 

retinas showed several activated macrophages/monocytes. CD45 immuno-labelled cells were fewer in number in the choroids of Cx43MP-

treated rats (F) compared to saline (E) or untreated rats (D). Scale bar: 50 μm. 
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Figure 3.11: Quantification of GFAP immunoreactivity area (A) and mean number of CD45 positive cells 

(B) in the light-damaged retinas of the Cx43MP, saline and untreated groups.  Results show a lower 

increase in GFAP reactivity in the Cx43MP-treated group. The number of CD45 positive cells was 

significantly less in the Cx43MP group compared with saline or untreated rats, where a marked 

inflammatory response was noted (p < 0.001). Statistical analysis was conducted using one way ANOVA, 

followed by Tukey's multiple comparison test. Significant values in comparison with results for the 

untreated group are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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3.4 Discussion 

 

This study was conducted to determine the effect of Cx43MP on the light-damaged rat retina over a longer 

period of time than previously studied (Guo et al., 2016). The motivation for this investigation was to test 

whether the inflammatory response, seen in acute and chronic damage of the retina, persists in the light-

damaged rat retina and whether intervention is able to resolve it. While it has been shown that 

inflammation is decreased and tissue structure protected in the short-term, the long-term effect of Cx43MP 

on the light-damaged rat retina has not previously been described.  In addition, since there is increased use 

of the light-damaged rat retina to represent inflammation and oxidative stress as a disease model of AMD 

(Marc et al., 2008; Noell et al., 1966; White & Fisher, 1987; Yu et al., 2007), further analysis of the long-

term effect is important. Prior studies have shown that administration of Cx43MP decreases inflammation 

and oxidative stress in the light-damaged rat retina model within 24 hours. In the previous Guo et al. 

investigation, two injections of the peptide, one at 2 hours from onset and the second immediately 

following a 24-hour period of light exposure, decreased light-induced chorio-retinal damage for up to 48 

hours (Guo et al., 2016). In the present study, improved retinal function could be seen persisting for up to 

at least 2 weeks following double injection of Cx43MP.  In general, retinal functionality and morphology 

were improved and inflammation decreased 2 weeks post-light damage in the Cx43MP-treated eyes. In the 

ERG analysis, treatment with Cx43MP resulted in an increased survival rate for rod and cone 

photoreceptors and their post-receptoral pathways, as indicated by improved a-waves, b-waves and OPs. 

Cx43MP also improved the amplitude of rod and cone PIII and PII waveforms, which can be interpreted as 

indicating neuroprotection of rod cells in the outer retina and rod bipolar cells and amacrine cells in the 

inner retina, and as seen in other retinal degeneration studies (Gargini et al., 2007; Organisciak & 

Vaughan, 2010). The functional changes were matched by the preservation of retinal thickness seen in the 

OCT. 

 

The morphology of both the retina and choroid was preserved during the 2-week study. The histology of 

the retina and APase reaction with blood vessels revealed that the structure of unexposed retinas was 

similar to those with light damage but treated with Cx43MP. A previous study had indicated that high 

APase activity is associated with CNV, an early factor in AMD in humans (Bhutto et al., 2016). APase 

activity was seen in the light-damaged rat retina but had not increased at 2 weeks post-light damage in the 

Cx43MP-treated eyes. This implies that homeostasis was maintained, thereby conferring protection to the 

neurons in the treated retinas. These results further support the benefits of Cx43MP in the light-damaged 

rat model. Damage in the intense light model starts as early as two hours after the onset of light exposure 
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and is followed by extreme retinal changes that result in photoreceptor loss and loss of retinal integrity that 

continues to increase for up to 60 days or more (Marc et al., 2008; Stone et al., 1999). In the long term, 

Cx43MP treatment not only preserved ERG function and maintained retinal morphology, but it appeared to 

achieve this by reducing inflammation in the retinal tissue. Immunolabelling using stress markers showed 

no alteration in glial reactivity and CD45 in tissue treated with Cx43MP. Furthermore, the hallmarks of 

retinal stress, upregulation of GFAP in astrocytes and Müller cells (signs of reactive gliosis), were not 

present. These results are consistent with a protective effect of Cx43MP (Guo et al., 2014), which here has 

now been shown to extend for up to 2 weeks post-light damage.  

 

The therapeutic mechanisms of action have been shown to be due to Cx43MP blocking uncontrolled 

opening of hemichannels without uncoupling gap junctions (Kim et al., 2017). These Cx43 hemichannels 

are membrane pores with a significant role in the development of inflammation (Chen et al., 2015). The 

intense light exposure rat model results in alterations to endothelial cells of the choriocapillaris, leading to 

inflammation via Cx43 hemichannel opening. The blocking of uncontrolled hemichannel opening by the 

mimetic peptide clearly confers downstream neuroprotection. In fact, Cx43MP (and related connexin 

mimetic peptides) has previously been shown to reduce vessel leakage and inflammation, with improved 

functional outcomes in central nervous system injury models (Davidson et al., 2014; Evans & Boitano, 

2001; Mao et al., 2017; O'Carroll et al., 2008; Tonkin et al., 2018; Xie et al., 2015). The current study also 

suggests that the initial sites of action may be multiple, with one being RPE cells, which may cause 

sustained pathology in the choroid by secreting pro-inflammatory molecules associated with the 

inflammasome pathway (Brandstetter et al., 2015).  

 

In summary, these finding further indicate that the mimetic peptide targets the pathological opening of 

connexin hemichannels, which plays a major role in early phases of disease. Early intervention is 

important to reduce the spread of inflammation and oxidative stress in the retina during tissue insult. 

However, the inflammation appears to persist, with gradual deterioration continuing in untreated retinas. In 

the light-damaged rat model, Cx43MP is therefore shown to be a candidate treatment for breaking this 

pathological hemichannel-mediated inflammatory cycle. In the next chapter, the use of a novel drug 

delivery method is trialled to investigate whether repetitive intraocular injections of the hemichannel 

blocker could be replaced with a more efficient, sustained delivery method that might also further improve 

outcomes. 
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Chapter 4: Effects of connexin43 mimetic peptide loaded nanoparticles on 

reducing acute photo-damage of the chorio-retinal complex 
 

 

 

 

Most of the content of this chapter (approximately 90%) has been published in Investigative 

Ophthalmology & Visual Science (IOVS) as an article titled „Sustained Connexin43 Mimetic Peptide 

Release from Loaded Nanoparticles Reduces Retinal and Choroidal Photodamage‟; Authors: Mat Nor 

M.N. and Guo C.X. with colleagues; May 2018, Vol. 59, 12 pages. Nasir Mat Nor (PhD candidate 2014 – 

2018) was supervised by Dr Monica L. Acosta and Professor Colin Green who helped design the study. 

Nasir Mat Nor performed the long-term experiments, sectioned the light-damaged animal tissues, collected 

ERG data, conducted immunohistochemistry and imaging, and provided comments on the draft of the 

manuscript.  The chapter‟s introduction, results and discussion were prepared independently of the 

published article and bear no resemblance to it. More recent literature and novel data not presented in the 

article are described in this chapter. 
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4.1 Introduction 

 

Inflammation is one of the key factors contributing to the development of AMD pathogenesis (Hollyfield 

et al., 2008). In AMD, local inflammation is associated with an immune cell-mediated process that leads to 

a chronic inflammatory environment (Penfold et al., 2001). According to previous reports, the 

inflammatory reaction is found primarily in the choroid, RPE and retina and associated with an increase in 

Cx43 expression (Guo et al., 2016). Rapid increase in extracellular ATP is an important factor mediating 

inflammation and plays a key role in CNS injuries (Beamer et al., 2016). High concentrations of ATP in 

the extracellular space trigger NOD-like receptor protein-3 (NLRP3) inflammasome activation. The 

NLRP3 then triggers recruitment of ASC and caspase activation associated with the release of pro-

inflammatory cytokines such as IL-18 and interleukin, which leads to DNA fragmentation in the cells 

(Awad et al., 2018). The release of ATP into the extracellular space is linked to hemichannel opening 

under pathological conditions (Leybaert et al., 2017). 

 

Cx43MP is a short amino acid sequence of the extracellular loops of rat Cx43 (O'Carroll et al., 2013). This 

peptide can be delivered directly into the eye via intravitreal (IVT), sub-tenon or intravenous injection 

(Prieto et al., 2014). The main advantage of IVT injection is that it provides a localised concentration of 

drug, which diffuses directly to posterior segment tissues with minimal systemic side effects (Gaudana et 

al., 2009; Raghava et al., 2004). IVT injection is the preferred drug delivery method to treat posterior 

segment diseases of the eye, enabling direct delivery of molecules with high molecular mass (Janoria et al., 

2007). However, in the treatment of long-term conditions, repeated IVT injections are required to maintain 

drug availability and thus treatment efficacy, and may lead to a number of ocular complications associated 

with subconjunctival haemorrhages, vitreous haemorrhage, endophthalmitis, retinal detachment or cataract 

formation (Prieto et al., 2014).  

 

NPs have a pivotal role in the biomedical field in drug delivery systems that are able to protect the active 

therapeutic ingredient from enzymatic degradation, and allow slow drug release over time (Blanco et al., 

2015; Chen et al., 2015).  They are one of the most widely used types of drug delivery system. A large 

number of studies have described the potential of polymeric NPs in the treatment of retinal diseases 

because they are well tolerated and have high biocompatibility, biodegradability and a lack of intrinsic 

immunogenicity (Chen et al., 2015; Herrero-Vanrell et al., 2014; Robinson et al., 2011). We have 

previously shown that a double injection of unmodified Cx43MP is protective in the intense light damage 

rat model of AMD (Guo et al., 2016). In this study we investigated the effect of sustained Cx43MP 
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delivery from NPs and monitored the effect on inflammation, connexin expression change, and functional 

and structural outcomes occurring longer term in the light-damaged rat retina. 

 

 

4.2 Material and methods 

 

4.2.1 Light damage procedure 

 

Four-to-eight week-old SD rats were used in these procedures. Eighteen rats were used to evaluate the 

long-term effects of Cx43MP-NPs (six rats in the Cx43MP-NP-treated group, six rats in the Cx43MP-

treated group, and six rats in the saline-treated group). The animal husbandry, anaesthesia and drug 

preparation for the light damage experiments were conducted using standard procedures, as described in 

Chapter 2.   

 

 

4.2.2 Animal anaesthesia 

 

For the IVT injections and ERG recordings, animals were anaesthetised by intraperitoneal injection and 

standard procedures conducted as described in Chapter 2.   

 

 

4.2.3 Mimetic peptide in nanoparticle preparation and intravitreal injections 

 

PLGA, 50% lactic and 50% glycolic acid (Sigma-Aldrich, New Zealand), NPs were prepared using 

standard procedures as described in Chapter 2.  Cx43MP was diluted in saline to a final concentration of 

280 µM (Guo et al., 2016). Treatment consisted of a single injection of 4 μL of 280 µM Cx43MP-NPs or 

saline into the vitreous of both eyes 2 hours into the light exposure period.  

 

 

4.2.4 Electroretinogram  

 

The procedure was performed as described previously (Guo et al., 2014). SD rats were prepared for this 

assay and the experiments conducted using standard procedures, as described in chapter 2.   
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4.2.5 Optical coherence tomography 

 

The OCT imaging technique was executed using standard procedures as described in Chapter 2. The 

images were consistently taken 500-1500 µm from the optic nerve in the superior region.  

 

 

4.2.6 FITC-Cx43MP-NP detection in whole-mount tissues 

 

The diffusion of FITC-conjugated Cx43MP loaded into PLGA NPs was assessed in whole-mount tissues 

and in eyecup sections. A volume of 4 µL of FITC-conjugated Cx43MP-NPs (280 µM) was injected into 

the vitreous immediately after 24 hours of intense light exposure. Tissues were collected 30 minutes post-

injection, fixed in 4% PFA for 30 minutes, washed with PBS, and then stained for 2 minutes with 4‟,6-

diamidino-2-phenylindole dihydrochloride (DAPI; 1:1000; Sigma-Aldrich, USA). Whole-mount tissue and 

tissue sections were mounted in anti-fading medium (CitiFluor Ltd, UK) and visualised using an Olympus 

FV1000 Confocal Microscope (Olympus, Japan).  

 

 

4.2.7 Animal tissue collection and processing  

 

After the final ERG recording (2 weeks post-light damage), animal tissue collection and tissue processing 

were executed using the standard procedures described in Chapter 2. The tissue sections were also stained 

with toluidine blue to show the structure of the retina.  

 

 

4.2.8 Immunohistochemical labelling of tissue sections  

 

Immunohistochemical labelling was conducted using the indirect immunofluorescence technique as 

described in Chapter 2. The antibodies employed in this study were: GFAP at concentration 1:1000 (Sigma 

Aldrich, USA), Cx43 (1:1000; Sigma Aldrich, USA) and CD45 (1:20; BD Pharmigen, USA).  
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4.2.9 Protein extraction and measurement 

 

Protein was collected from the retina and choroid after surgical separation of the tissues. The tissues were 

homogenised in cold homogenising buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid/HEPES; 0.25 M sucrose in MilliQ water, pH 7.4) containing 1× protease inhibitor cocktail (Complete 

mini tablet; Roche Diagnostics, Germany) using a teflon homogeniser. After the homogenisation 

procedure, retina and choroid samples were centrifuged twice (16,000 rpm for 2 minutes at 4 °C) to 

separate any sediment and the supernatant was stored at -20 °C until required.  

 

 

4.2.10 Western blot protocol 

 

Retinal and choroidal samples were mixed at a ratio 10:1 with a loading buffer and dye for DNA analysis. 

The loading buffer ingredients were 0.1% bromophenol blue, 20% v/v glycerol and 2% sodium dodecyl 

sulphate (SDS). Briefly, 3-15 g, based on the calculation for Nanodrop protein analysis, was loaded into 

Mini-PROTEAN ® TGX ™ Precast Gel wells (Bio-Rad Laboratories, New Zealand). The protein samples 

were then separated according to molecular weight in an electrophoresis run using a Mini-Protean Tetra 

Cell cassette (Bio-Rad Laboratories, USA) with SDS gel running buffer containing 25 mM Tris base, 19 

mM glycine, 0.1% SDS in MilliQ water. A Precision Plus Protein™ ALL Blue Standard containing 

recombinant proteins with molecular weights in the range 1–250 kDa (Bio-Rad Laboratories, USA) was 

used alongside each run of the protein samples. The separated proteins were then transferred from the gel 

to a polyvinylidene difluoride (PVDF) membrane (Roche Diagnostics, USA) using a semi-dry transfer 

Trans-Blot ® Turbo ™ Transfer Starter System (TBS-T, Bio-Rad Laboratories, USA) in transfer buffer 

containing 24mM Tris base, 190 mM glycine, 15% methanol in MilliQ water, pH 8.4.   

 

The membrane containing proteins were then incubated with blocking solution containing 5% non-fat milk 

powder, 2% normal goat serum in tris-buffered saline tween (20mM Tris hydrochloride, 137 mM sodium 

chloride, 0.1% v/v tween-20, pH 7.2). The membrane was incubated for 2 hours at room temperature, 

followed by incubation with primary antibodies overnight at 4 °C. The antibodies (Cx43, VEGF, CD45, 

ASC and NLRP3, as described in Chapter 2) were diluted in a solution containing 2% non-fat milk 

powder, 2% v/v normal goat serum in TBS-T. The procedure for washing was three 15-minute washes 

followed by one wash for 40 minutes with TBS-T. The membrane was then incubated with a horseradish 

peroxidase-conjugated secondary antibody (1:8000 dilution) for 1 hour at room temperature, followed by 
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another wash with TBS-T. The ECL Plus Western Blot Detection Reagents Kit (Amersham Biosciences, 

USA) was used to visualise the immuno-blot. High intensity chemiluminescence from the horseradish 

peroxidase as it reacted with the secondary antibody in the immunoblot produced emissions at a 

wavelength of 430nm. The emissions were detected using a FujiFilm LAS-4000 imager tool. 

 

In order to confirm that the samples had been loaded equally, a loading protein control was performed. To 

strip out the protein from the immunoblots, the blot was incubated with stripping buffer (2% SDS, 100 

mM β-mercaptoethanol, 62.5 mM Tris hydrochloride, pH 6.7) for 30 minutes at 37 °C. The membrane was 

then blotted with an anti-tubulin antibody (1:5000 dilutions). ImageJ 1.46r software (Wayne Rasband, 

National Institute of Health, USA) was used to quantify the immunoblot images. The blots of Cx43, 

VEGF, CD45, ASC and NLRP3 were normalised against the value obtained for anti-tubulin labelling in 

each membrane. The intensity of each of the bands formed in the histogram was converted into a 

numerical value.  

 

 

4.2.11 Statistical analysis  

 

Graphing and statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, USA) as 

described in Chapter 2.  
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4.3 Results 

 

4.3.1 Localisation of FITC-Cx43MP in NPs in the choroid and retina  

 

To determine whether NPs could deliver the peptide directly to the retina and choroid, FITC-conjugated 

Cx43MP-NPs were injected into the vitreous. The whole-mount tissue fluorescence signal (Figure 4.1 A) 

and cross-section signals (Figures 4.1 B-C) were analysed in tissues collected 30 minutes post-injection. 

FITC labelling was seen around CD45 positive cells in the choroid (Figure 4.1 E1-E4). The labelling also 

showed FITC in the GCL of the cross sections (Figure 4.1 D2). In the whole mount, FITC was observed 

between, but not co-localised with GFAP labelling (Figure 4.1 D1-D4). The fluorescent label was seen 

around blood vessels, mainly in the choroid, but also in the RPE (Figure 4.1 C) and in the retinal nerve 

fibre layer (Figure 4.1 B). This demonstrates that the FITC-tagged extracellular-acting peptide was able to 

penetrate the entire thickness of the retina and access the choroid. 

 

Figure 4.1: The bio-distribution of FITC-Cx43MP after delivery in NPs injected into the vitreous of light-

damaged rats. Eyes were enucleated 30 minutes post-injection. (A) FITC-Cx43MP-NPs localised in cells 

in the retina flat-mount, and cross sections of retina with FITC-MP visible in the ganglion cell layer (B) 

and in the choroid (C). Colocalisation analysis was performed for FITC-MP with GFAP or CD45 labelling 

of the flat-mount retina (D1-D4) or choroid (E1-E4). The peptide was seen between but not colocalised 

with the GFAP labelled cells, but it did colocalise with CD45 positive cells in the choroid. Scale bar: 50 

μm.  
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4.3.2 Effect of sustained Cx43MP delivery on electroretinograms  

 

Representative mixed ERG waveforms for the Cx43MP, Cx43MP-NP and saline animal groups at 2 weeks 

post-light damage are shown in Figure 4.2A. The a-wave represents the photoreceptor responses in the 

outer retina and the b-wave represents the response of inner retinal cells, specifically bipolar cells. The a-

wave includes the PIII component and the b-wave includes the summation of PII and PIII for rods and 

cones. The analysis of oscillatory potentials is also useful for identifying disorders of the inner retina.  

 

Retinal function in saline-treated light-damaged rats had not improved at any of the time points studied (up 

to 2 weeks). At 24 hours post-light exposure, no significant differences were found in the a-wave between 

the Cx43MP, Cx43MP-NP and saline-treated groups (Figures 4.2 B-C). However, significant 

improvements in mixed a-wave amplitude were detected at 1-week post treatment in both Cx43MP and 

Cx43MP-NP-treated animals at intensities of 1.1-2.1 log cd.sm
2
 (p < 0.001; Figures 4.2 B-C). At 2 weeks 

post-treatment, both the Cx43MP and Cx43MP-NP groups showed significant increases in mixed a-wave 

amplitude (Figure 4.2 B-C). Rats treated with Cx43MP had an almost 200 μV (on average) improvement 

in their ERG a-waves compared with saline-treated rats at intensities of 1.1-2.1 log cd.sm
2
 (p < 0.001, 

Figure 4.2 B). An even bigger improvement (more than 400 μV) was seen in Cx43MP-NP-treated eyes 

compared with saline treatment at intensities of 0.1-2.1 log cd.sm
2
 (p < 0.001; Figures 4-2 C).  

 

Similarly to the mixed a-wave amplitude results, no significant difference in mixed b-wave amplitude was 

detected at 24 hours post treatment (Figures 4.2 D-E). However, further analysis of mixed b-wave 

amplitude showed a significant increase, but only for intensity 1.1 log cd.sm
2
, in the Cx43MP group 

compared with the saline group (p < 0.01; Figure 4.2 D). A significant improvement in the Cx43MP-NP 

group was seen at 1 week post-treatment for intensities of 1.1 log cd.sm
2
 (p < 0.05) and from 1.6 to 2.1 log 

cd.sm
2
 (p < 0.01; Figure 4.2 E). An overt improvement in inner retinal function, as demonstrated by 

increased mixed b-wave amplitude across all stimulus intensities, was found at 2 weeks post-treatment in 

both Cx43MP and Cx43MP-NP-treated rats compared with saline-treated rats (p < 0.001; Figures 4.2 D-

E). Notably, the NP-treated eyes showed an additional increase of about 200 μV in the absolute amplitude 

of the b-wave compared to eyes treated with native Cx43MP (compare Figure 4.2 D-E).  
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Figure 4.2: Effect of Cx43MP-NPs, Cx43MP or saline on the ERGs of post light-damaged rats at various 

time points. Representative ERG waveforms for light intensities ranging from -3.9 to 2.1 log cd.s/m
2
 in 

saline, Cx43MP-NP and Cx43MP-treated light-damaged rats (A). Effects of Cx43MP-NPs (B) and 

Cx43MP (C) on a-wave amplitude. Effects of Cx43MP-NPs (D) and Cx43MP (E) on b-wave amplitude. 

Statistical analysis was conducted using two-way ANOVA, followed by post-hoc test. Significant values in 

comparison with saline-treatment are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Isolated rod PIII, rod PII as well as cone PII waveforms were analysed at the highest stimulus intensity 

(2.1 log cd.s/m2) and exhibited progressive recovery of rod and cone post-photoreceptor activity for the 

Cx43MP-NP group compared to the saline-treated group (Figure 4.3 A-C). In the Cx43MP-NP-treated 

animals, cone PII recovery was demonstrated as early as 1 week post-treatment (Figure 4.3 C). 

Improvement across all rod PIII, PII and cone PII function was seen by 2 weeks post treatment (Figure 4.3 

A-C). Progressive improvement as a function of time was not detected for Cx43MP-treated animals, and 

only the 2-week post-treatment results are shown (Figures 4.3 A-C). Cx43MP-treated eyes showed 
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significant improvement for rod PIII and cone PII function at 2 weeks post-treatment compared with 

saline-treated eyes (p < 0.01; Figure 4.3 A, 4.3 C), but not for rod PII function.  

 

Further analysis indicated that rod PIII sensitivity in Cx43MP-NP and Cx43MP-treated rats showed a 

significant increase at 2 weeks compared with saline treatment, at p < 0.001 and p < 0.01 respectively 

(Figure 4.4 A). Moreover, rod implicit time was seen to be significantly decreased in the Cx43MP-NP 

group at 1 week ( p < 0.05) and 2 weeks (p < 0.01), and also after 2 weeks of Cx43MP treatment (p < 

0.001) (Figure 4.4 B). Cone PII implicit time 2 weeks after Cx43MP-NP treatment also showed significant 

differences (p < 0.05) compared to saline treatment (Figure 4.4 C). 

 

The OP analysis showed that Cx43MP-NP and Cx43MP-treated rats had a significant increase in summed 

OP amplitude at 2 weeks compared with saline treatment (p < 0.001 and p < 0.01, respectively) (Figure 4.5 

A). In the Cx43MP-NP treatment group, summed OP implicit time showed a significant difference at 2 

weeks compared to the saline group (p < 0.05; Figure 4.5 B). 
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Figure 4.3: The effects of Cx43MP-NPs, Cx43MP and saline on rod PIII amplitude (A), rod PII amplitude 

(B) and cone PII amplitude (C) in light-damaged rats. Statistical analysis was conducted using ANOVA. 

Significant values in comparison with saline treatment are indicated with asterisks: *p < 0.05; **p < 0.01; 

***p < 0.001. 
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Figure 4.4: Rod PIII sensitivity, PII implicit time and cone PII implicit time for Cx43MP-NP, Cx43MP 

and saline treatment in light-damaged rats. Rod PIII sensitivity was significantly increased for Cx43MP-

NP and Cx43MP treatment at 2 weeks (A). Rod implicit time was significantly decreased for Cx43MP-

NPs at 1 week, Cx43MP-NPs at 2 weeks and Cx43MP at 2 weeks compared to saline (B). Cone PII 

implicit time for Cx43MP-NPs at 2 weeks also showed significant differences (C). All average data are 

expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s 

correction. Significant values in comparison with saline treatment are indicated with asterisks: *p < 0.05; 

**p < 0.01; ***p <0.001. 
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Figure 4.5: Summed OP amplitude and summed OP implicit time for Cx43MP-NP, Cx43MP and saline 

treatment in light-damaged rats. Cx43MP-NP and Cx43MP-treated rats had significantly increased 

summed OP amplitude at 2 weeks compared with saline treatment (A). Summed OP implicit time also 

showed significant differences after Cx43MP-NP treatment at 2 weeks (B). All average data are expressed 

as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction. 

Significant values in comparison with saline are indicated with asterisks: *p < 0.05; **p < 0.01; ***p 

<0.001. 
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4.3.3 Effect of sustained Cx43MP delivery on retinal and choroidal structure  

 

Analysis of retinal layers and choroid thickness was obtained from in vivo OCT scans at 2 weeks post-

treatment (Figure 4.6). Both Cx43MP and Cx43MP-NP-treated eyes showed significant preservation of 

choroidal and retinal thickness 2 weeks post-light damage (Figure 4.6 A-B). OCT imaging showed that the 

choroid was significantly thinner in the light-damaged saline-treated eyes 2 weeks post-treatment 

compared to the imaging prior to the damage (p < 0.01; Figure 4.6 C). The retina was also thinner in the 

saline-treated group compared to pre-damage (Figure 4.6 A), with the loss of retinal thickness mainly due 

to significant thinning of the outer nuclear layer (ONL; p < 0.001; Figure 4.6 D). Both Cx43MP-NPs and 

Cx43MP preserved retinal structure (Figures 4.6 C- D), and Cx43MP-NP-treated eyes retained full 

choroidal thickness (Figure 4.6 C). However eyes treated with a single dose of native Cx43MP did not 

recover choroidal thickness, They showed thinning similar to the saline group and were significantly 

thinner than pre-injury (p < 0.01; Figure 4.6 C). 
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Figure 4.6: Effect of a single dose of Cx43MP-NPs and saline on retinal and choroidal thickness in the light-damaged rat. Representative 

fundus images and OCT images for the Cx43MP-NP-treated group (A) and saline-treated group (B). The green line on the fundus image 

represents the exact scanning location of the cross-sectional OCT image (n=6) in the saline and in the treated group. The thickness of the 

choroid (C) and the ONL (D) were measured. Data are expressed as mean ± standard deviation. Scale bar equals 50 μm. Abbreviations: ONL, 

outer nuclear layer; GCL, ganglion cell layer. Significant values are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001. 



101 
 

The effect of saline or drug treatment on changes in retinal and choroidal thickness over time was also 

monitored (Figure 4.7). In saline-treated animals, intense light exposure caused an immediate change in 

ONL thickness, previously reported to be due to death of photoreceptor cells (Noell et al., 1966; Rutar et 

al., 2010), which then deteriorated slightly further over the course of 2 weeks. Neither Cx43MP nor 

Cx43MP-NP-treated animals showed any change in ONL thickness over the first week, while the Cx43MP 

rats did show a slight decrease in ONL thickness by the end of 2 weeks post-injury (Figure 4.7 A). This 

decrease was non-significant compared to pre-injury retinas. The structure of light-exposed drug-treated 

retinas was significantly preserved compared to light-exposed saline-treated retinas (Figure 4.7 A). 

Conversely, light exposure caused a significant increase in choroidal thickness in saline-treated animals 24 

hours after injury, followed by a reduction in thickness over the next 2 weeks (Figure 4.7 B). In contrast, 

Cx43MP-NP-treated rats showed no significant fluctuation in choroidal thickness at any time point over 

the 2 weeks (Figure 4.7 B). Cx43MP-treated eyes showed decreased choroidal thickness from 24 hours to 

2 weeks compared with the Cx43MP-NP-treated rats (or choroidal thickness prior to injury; Figures 4.7 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Quantification of retinal and choroidal thickness before light damage and up to 2 weeks post 

light damage in saline, Cx43MP and Cx43MP-NP-treated rats.  The graphs show changes in thickness of 

the ONL (A) and choroid (B) with n=6 per group. Data are expressed as mean ± standard deviation. 

Significant values are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001. 
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4.3.4 Treatment effects on connexin43 expression, retinal gliosis and inflammation  

 

The effects of Cx43MP and Cx43MP-NPs on inflammation in the retina and choroid were investigated 

using immunohistochemical markers for GFAP (a marker for astrocytes, astrocyte activation [hypertrophy] 

and Müller cell activation), CD45 (common lymphocyte antigen) and Cx43 (hemichannel protein) in saline 

or drug-treated tissues collected 2 weeks post-light damage (Figure 4.8). Cx43MP-NP-treated rats had less 

Cx43 immunoreactivity in the choroid compared with saline-treated or Cx43MP-treated rats (Figures 4.8 

A-C). There were also fewer CD45 positive cells in the choroid in Cx43MP-NP-treated animals compared 

with saline-treated animals (Figures 4.8 D, 4.8 F). Treatment with Cx43MP also resulted in fewer CD45 

positive cells in the choroid (Figure 4.8 E), although numbers were higher than in the Cx43MP-NP-treated 

eyes (Figure 4.8F). GFAP was used to determine the effect of Cx43MP and Cx43MP-NPs on astrocyte and 

Müller cell activation (Figure 4.8 G-I). Cx43MP-NP-treated rats had normal (pre-injury) levels of GFAP 

labelling in the GCL (Figure 4.8 I). However, saline-treated animals showed a marked increase in GFAP 

expression in both the GCL and within Müller cells, indicating that these had become activated (Figure 4.8 

G). The extent of GFAP immunoreactivity was less in Cx43MP-treated eyes (Figure 4.8 H) compared to 

saline-treated eyes (Figure 4.8 I). Quantification of immunolabelling indicated a significant decrease in 

GFAP and Cx43 in both the Cx43MP-NP and Cx43MP treatment groups. Quantification of CD45 positive 

cells revealed a significant reduction in numbers of these cells in both the Cx43MP-NP and Cx43MP 

groups (p < 0.001) (Figure 4.9 A) compared with the saline group. Quantification also showed a significant 

decrease in both GFAP and Cx43 labelling in these two groups compared to the saline-treated animals (Fig 

4.9 B, C). In all cases, the Cx43MP-NP-treated animals showed significantly less labelling than animals 

treated with Cx43MP alone for CD45 (p < 0.001) (Figure 4.9 A) and Cx43 (p < 0.01) (Figure 4.9 C) . 

 

Taken together, these results suggest a strong association between functional recovery and morphological 

improvement with Cx43MP-NP treatment, especially compared to saline-treated controls, but also 

compared to eyes treated with Cx43MP alone. 
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Figure 4.8: Effect of Cx43MP-NPs, Cx43MP and saline on immunoreactivity at 2 weeks post-light damage. Cx43MP-NP-treated rats showed 

less Cx43 immunoreactivity in the choroid (C) compared to rats treated with Cx43MP alone (B) and saline (A). CD45 immunolabelled cells 

were fewer in number in the choroid of Cx43MP-NP-treated rats (F) compared to Cx43MP-treated (E) and saline-treated rats (D). The saline 

group showed several activated macrophages with enlarged cell bodies, whilst few were seen in the Cx43MP-NP group (I). GFAP 

immunoreactivity did not increase in the retinas of Cx43MP-NP-treated rats (I) compared with Cx43MP-treated and (H) saline-treated rats (G). 

Scale bar: 50 μm. 
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Figure 4.9: Quantification of mean number of CD45 positive cells (A), GFAP immunoreactivity area 

(B) and Cx43 expression (C) in the Cx43MP-NP, Cx43MP and saline-treated light-damaged rats.  The 

results show a significant decrease in GFAP and Cx43 per area in the Cx43MP-NP and Cx43MP 

treatment groups compared with saline (p < 0.001) (B-C). Counting the CD45 positive cells revealed a 

significantly reduced number of cells in the Cx43MP-NP and Cx43MP groups compared with saline (p 

< 0.001) (A). Statistical analysis was conducted using one way ANOVA, followed by Tukey's multiple 

comparisons test. Significant values in comparison with results from the untreated group are indicated 

with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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4.3.5 Effect of sustained Cx43MP delivery on inflammatory proteins 

 

To further assess whether inflammation was reduced with treatment, retinal and choroidal proteins 

from the Cx43MP-NP and saline-treated animals were collected and inflammatory protein expression 

quantified using Western blotting.  

 

The NLRP3 inflammasome marker was present in the light-damaged retina (Figure 4.10 A). NLRP3 

expression was markedly reduced with Cx43MP-NP treatment compared to the saline group, although 

the changes did not reach statistical significance (Figure 4.10 B). However in the choroid, there was a 

significantly higher increase in NLRP3 expression in the saline group compared to the Cx43MP-NP-

treated animals (Figure 4.10 B). Quantitative analysis of the NLRP3 Western blots showed that the 

increase in the saline group was statistically significant compared to the Cx43MP-NP group (p < 0.05) 

(Figure 4.10 D).   

 

ASC is a protein involved in apoptotic signalling and also a component of the inflammasome. Western 

blotting indicated that ASC in the retina and choroid following light damage was significantly 

increased in the saline-treated group compared with the Cx43MP-NP-treated group (Figure 4.11). 

Moreover, quantitative analysis of ASC protein expression indicated significantly lower levels in the 

retina after Cx43MP-NP treatment compared to the saline group (p < 0.05) (Figure 4.11 B). 

Quantitative analysis of ASC expression in the choroid/RPE (Figure 4.11 C) also showed significantly 

lower levels in the Cx43MP-NP-treated group compared to the saline control (p < 0.01) (Figure 4.11 

D). 
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A Retina       B Quantification 

 

 

 

 

 

 

C Choroid      D Quantification  

 

 

 

 

Figure 4.10: Western blot analysis of NLRP3 expression in the retina and choroid/RPE of saline and Cx43MP-NP-treated light-damaged animals. 

Representative image of the Western blot detecting NLRP3 expression in saline and Cx43MP-NP-treated rat retina (A). Quantitative analysis of Western 

blot for NLRP3 protein expression in saline and Cx43MP-NP-treated rat retina (B). Representative Western blot for NLRP3 expression in saline and 

Cx43MP-NP-treated rat choroid/RPE (C). Quantitative analysis of Western blot for NLRP3 expression in saline and Cx43MP-NP-treated rat choroid/RPE. 

The expression of NLRP3 was statistically significantly lower in the Cx43MP-NP-treated animals compared to the saline group (p < 0.05) (D).   
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A Retina       B Quantification 
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Figure 4.11: Western blot analysis of ASC expression in the retina and choroid/RPE of saline and Cx43MP-NP-treated light-damaged animals. 

Representative image of Western blot detecting ASC expression in the saline and Cx43MP-NP-treated rat retina (A). Quantitative analysis of ASC protein 

expression in the saline and Cx43MP-NP-treated rat retina (B). ASC expression was significantly lower in the Cx43MP-NP-treated animals compared to 

the saline group (p < 0.05). Representative Western blot indicating increased ASC expression in the saline-treated compared to Cx43MP-NP-treated rat 

choroid/RPE (C). Quantitative analysis of ASC expression in the saline and Cx43MP-NP-treated choroid/RPE. The expression of ASC was statistically 

significant lower in the Cx43MP-NP-treated animals compared to saline group (p < 0.01) (D).  
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The reduction in the number of CD45 immunolabelled cells observed in the immunohistochemical analysis 

was supported by the quantitative assessment using Western blotting. In the light-damaged saline-treated 

rats, the increase in CD45 labelling of leukocytes in the choroid was matched by protein levels. Treatment 

with Cx43MP-NPs significantly reduced the level of CD45 protein in the choroid compared to saline-

treated animals (Figure 4.12 A), and quantitative analysis showed that the difference was statistically 

significant (p < 0.05) (Figure 4.12 B). In addition, VEGF was present in the choroid of both Cx43MP-NP 

and saline-treated light-damaged rats (Figure 4.12 C), but its expression in the choroid was significantly 

higher in the saline group (p < 0.05) (Figure 4.12 D). Finally, Western blotting showed that Cx43MP-NP-

treated retina had significantly less upregulation of Cx43 compared to saline treatment, which indicated 

that inflammation had been reduced (Figure 4.12 E-F).  
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Figure 4.12: Western blot analysis of CD45, VEGF and Cx43 expression in the retina and choroid/RPE of 

the saline and Cx43MP-NP-treated light-damaged animals. Representative image of Western blot detecting 

CD45 expression in the choroid/RPE for saline and Cx43MP-NP-treatment (A). Quantitative analysis of 

Western blot for CD45 protein expression in the choroid/RPE of saline and Cx43MP-NP-treated rats (B). 

Representative image of Western blot for VEGF expression in the choroid/RPE of saline and Cx43MP-

NP-treated rats (C). Quantitative analysis of VEGF protein expression in the choroid/RPE for saline and 

Cx43MP-NP treatment. VEGF expression was not significantly reduced compared to the saline group (p < 

0.05) (D). Representative image of Western blot for Cx43 expression in the saline and Cx43MP-NP-

treated retina (E). The expression of Cx43 in the retina was statistically significantly reduced for Cx43MP-

NP treatment compared to the saline group (p < 0.01) (F). 
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4.4 Discussion 

 

This study was conducted to determine the effect of sustained release of Cx43MP from nanoparticles on 

the light-damaged rat retina in comparison with injection of a single dose of native Cx43MP or saline. 

Nanoparticles allow quick tissue distribution but slow sustained release of the mimetic peptide (Chen et 

al., 2015). This resulted in improved retinal function, preservation of retinal morphology and reduced 

inflammation when followed through to 2 weeks after a single treatment. A single injection of Cx43MP 

alone was also beneficial but improvements were more modest.  

 

Prior studies have shown that administration of Cx43MP decreased inflammation and oxidative stress in 

this rat model of retinal light damage, but two injections of the peptide were required (2 hours post-onset 

and at the end of the 24-hour light exposure period) in order to decrease the light-induced chorio-retinal 

damage (Guo et al., 2016). In the present study, a single injection of Cx43MP-NPs improved retinal 

function over the long-term. Drug bioavailability was attained using nanoparticles as the delivery system. 

Nanoparticles are capable of trans-retinal passage after intravitreal injection (Bejjani et al., 2005) and 

enable drug delivery into the RPE and choroid, as shown in the current study by the imaging of  

fluorescence-tagged peptides present in these layers within 30 minutes of administration. Administration of 

the Cx43MP-NPs 2 hours after the initiation of intense light exposure was effective in reducing the initial 

wave of damage that is characteristic of this animal model (Guo et al., 2014). Progressive degradation of 

NPs then allowed slow release of Cx43MP to prevent the photoreceptor loss and extensive retinal 

remodelling that are otherwise features of this disease model (Marc et al., 2008; Stone et al., 1999).  

 

PLGA microparticles and nanoparticles are biodegradable polymers used extensively in ocular studies and 

also in pharmaceutical drug delivery studies as drug carriers (Hua et al., 2014). Previous studies have 

shown that particles loaded with Cx43MP release the drug for up to 63 days in a triphasic manner 

involving an initial burst (49.5%), a long sustained period of slow release, and a final short burst when 

particles break down (Chen et al., 2015). Nanoparticles also proved effective in a more acute (shorter 

insult) retinal ischaemia-reperfusion model (Chen et al., 2015), most likely owing to prolonged peptide 

release from the nanoparticles. Despite a slight delay in functional recovery compared with delivery of the 

drug dissolved in saline in the present study, Cx43MP-NPs showed improved protection of retinal structure 

and function. The long-term effect of slowly released Cx43 gave a similar outcome to the double injections 

of native Cx43MP described in our previous study (Guo et al., 2014), suggesting the efficacy of sustained 

drug delivery for treating the critical damaging events that occur sequentially in this model (Masuda et al., 
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2017; Organisciak & Vaughan, 2010). The PLGA-NP vehicle has Food and Drug Administration (FDA) 

approval for the delivery of some ocular drugs (Kompella et al., 2013), and based on our studies Cx43 

should have human applications when delivered in this way. In this study, Cx43MP was encapsulated in 

nanoparticles of size 113.38 ± 0.74 nm, and encapsulation efficacy was 70.04 ± 1.63 %. 

 

In the long term, Cx43MP-NP treatment restored ERG function with minimal alteration in glial reactivity. 

These results are consistent with data obtained in a previous study of double injection of Cx43MP (Guo et 

al., 2014). Both photoreceptor function in the outer retina, as reflected by the a-wave, and bipolar cell 

function in the inner retina, mainly represented by the b-wave (Liu et al., 2014), were spared. In this study, 

Cx43MP-NPs also improved the amplitude of rod and cone PIII and PII waveforms, which can be 

explained as due to neuroprotection of rod cells in the outer retina and rod bipolar cells and amacrine cells 

in the inner retina, respectively. A similar improvement in the rod pathways has been associated with 

treatment of the light-damaged eye with mimetic peptide in saline (Guo et al., 2014). Although the effect 

of Cx43MP on rod and cone pathways is still unclear, most of our experiments suggest that it decreases 

inflammation and Cx43 expression-mediated damage to the photoreceptors (Guo et al., 2014).  

 

The choroid plays a key role in preventing retinal damage. An earlier study identified an increase in 

choroid thickness soon after light damage associated with increased infiltration of leukocytes (Guo et al., 

2014). However, choroid thickness then decreased after 1 week. This is consistent with past studies 

indicating that the thinning of the choroid is associated with CD8+ cytotoxic T lymphocytes infiltrating 

toward the retina and choroid interface in mice and albino rats (Camelo et al., 2015; Collier et al., 2011). 

This infiltration of T lymphocytes could exert deleterious effects on the choroid, RPE and retina 

environments (Camelo et al., 2015; Ferrington et al., 2006). As in previous studies indicating that there is a 

reduced inflammatory response (although the peptide does not in itself reduce Cx43 expression) (Guo et 

al., 2014), lower Cx43 levels were seen in treated animals in the current study. Furthermore, the hallmarks 

of retinal stress, up regulation of GFAP in astrocytes and Müller cells (signs of reactive gliosis) (Chang et 

al., 2007), were diminished with Cx43MP-NP treatment. It appears that the mimetic peptide reduces the 

inflammatory process that leads to retinal damage in this model (Guo et al., 2014; Rutar et al., 2010). The 

choroid and retina have resident immune cells and are known to quickly react to invading agents (Yildirim 

et al., 2011). In fact, accumulating evidence suggests that numerous aberrant macrophages invade the 

choroid and the retina in light-damaged eyes (Cringle & Yu, 2010). We observed increased CD45+ cells in 

the choroid in parallel with increased CD45 protein detection by Western blot. Moreover, Western blot 

analysis also revealed the presence of NLRP3 and ASC, which are inflammasome complex assembly 
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molecules, together with increased hemichannel proteins Cx43 and VEGF in the light-damaged retina. 

Cx43MP-NP treatment reduced the expression of all these proteins.  Thus, it is possible that the therapy 

regulates specific macrophage cell activity, thereby preventing downstream inflammatory damage and 

assembly of the inflammasome. The reduction in CD45+ leukocytes in the choroid following treatment 

may be important, as interleukin release from these cells possibly causes increased GFAP expression in 

Müller cells in an attempt to protect the retina (Rutar et al., 2015). Sustained release from Cx43MP-NPs 

worked better than peptide alone, suggesting that there may be sequential stages to the inflammatory 

response which are targeted by the treatment.  

 

Previous studies have shown that Cx43MP blocks the uncontrolled opening of hemichannels without 

uncoupling gap junctions (O'Carroll et al., 2008), and that these Cx43 hemichannels are membrane pores 

with a significant role in the development of inflammation. The intense light exposure rat model shows 

alterations in endothelial cells of the choriocapillaris, leading to inflammation via Cx43 hemichannel 

opening, which can be controlled by mimetic peptides that block uncontrolled opening. In fact, Cx43MP 

has been shown to reduce vessel leakage and inflammation while improving function in central nervous 

system injury models (Danesh-Meyer et al., 2016; Kim et al., 2016). Our study also supports earlier 

findings suggesting RPE cells as an initial site of action through the release of growth factors that may 

cause sustained pathology in the choroid, and the secretion of pro-inflammatory molecules associated with 

the inflammasome pathway (Kim et al., 2016). However, we cannot discount the choroid in the initial 

response, as Guo et al. (2016) reported Cx43 upregulation in the choroid before changes were noted in the 

retina. Under resting conditions, Cx43 hemichannels have a low opening probability, but in the presence of 

molecules recognisable by the innate immune system increased assembly and opening of hemichannels can 

be triggered to induce release of pro-inflammatory molecules and ATP (Eugenin et al., 2003; Kim et al., 

2016; Mugisho et al., 2018).  

 

It is likely that at least some of the cells that express Cx43 hemichannels and contribute to RPE activation 

of the inflammasome are resident macrophages (Beyer & Steinberg, 1991; Eugenin et al., 2003; Glass et 

al., 2015; Penfold et al., 1985), further supporting intervention with Cx43MP to regulate inflammation. 

For example, in a previous study intervention in the ischaemia-reperfusion rat model using a Cx43 channel 

blocking mimetic peptide reduced the number of inflammatory cells in the tissue and restored retinal 

function (Danesh-Meyer et al., 2012). The concentration of Cx43 peptide used in the animal model in the 

current study means it was specifically targeting Cx43 pathological hemichannel pores rather than gap 

junctions between cells in adjacent tissues. The therapy thus effectively acted on a specific step in the 
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inflammatory process to prevent retinal damage from an extensive immune response. Further, comparing 

results for the two formulations used supports the view that sustained mimetic peptide intervention (using 

nanoparticles as a drug delivery vehicle) keeps the peptide active at a stage of the pathology when native 

peptide may be already degraded. In the light-damaged rat model, therefore, a state of chronic 

inflammation, typical of early AMD, was able to be broken by sustained release of the mimetic peptide. 

 

Soon after this investigation started, a novel molecule with a similar action to peptide 5 was identified as a 

possible hemichannel blocker. It had the added advantages of a longer half life, requiring only once daily 

dosing, and it can be delivered orally. The next chapter reports the effects of this molecule, tonabersat – a 

hemichannel blocker – on preserving the function and structure of light-damaged retinal tissue.  
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Chapter 5: Efficacy of tonabersat in reducing acute photo-damage of the 

chorio-retinal complex in the light-damaged rat model 

 

 

Some of the content of this chapter (approximately 40%) was submitted to Neurotherapeutics: The Journal 

of the American Society for Experimental NeuroTherapeutics. It underwent peer-review and has been 

published as „Tonabersat Prevents Inflammatory Damage in the Central Nervous System by Blocking 

Connexin43 Hemichannels‟; Authors: Kim Y., Griffin J.M., Mat Nor M.N. and colleagues. Dr Yeri Kim 

(PhD student 2012 – 2016) and Nasir Mat Nor (PhD candidate 2014 – 2017) were supervised by Professor 

Colin Green and Dr Monica L. Acosta, respectively. The supervisors helped design the study. Mat Nor 

performed experiments on the animal model, introduced changes to the protocol to suit the model, 

sectioned the light-damaged animal tissues, collected ERG data and carried out the OCT imaging. Yeri 

Kim and JM Griffin conducted the cell cultures studies not included in this thesis. Mat Nor contributed to 

the writing of the second draft of the manuscript, described the methodology, produced two figures for the 

paper, wrote up the results for the ERG and OCT data and contributed to the response to reviewers. A 

summary of the data from Figures 4 and 5 in this chapter was included in the publication (Kim et al., 

2017). This chapter includes an original unpublished introduction, a description of the methods and results, 

and a novel discussion not published elsewhere.  
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5.1 Introduction 

 

Tonabersat is a drug well-documented for its clinical application in reducing migraine attacks, but also for 

its properties as a novel benzopran derivate thought to prevent Cx26 protein production (Cao & Zheng, 

2014; Dodick, 2009; Hauge et al., 2009), and more recently as a blocker of connexin hemichannels (Kim 

et al., 2017). Tonabersat is the novel benzopyran compound (cis-6-acetyl-4S-(3-chloro-4-fluoro-

benzoylamino)-3,4-dihydro-2,2-dimethyl-2H-benzo[b]pyrane-3 S-ol (SB-220453) (Sarrouilhe et al., 2014). 

Administration of tonabersat has shown some efficacy in reducing the neuronal-glial Cx26 gap junctions 

associated with cortical spreading depression in migraine (Silberstein et al., 2009). However, trials were 

discontinued at the Phase II level as they indicated adverse effects for tonabersat when used in 

combination with another drug, glyceryl trinitrate, for migraine treatment (Silberstein et al., 2009).  

However, the studies did show the compound is well tolerated with no adverse events (beyond mild nausea 

in some patients), including in an assessment for possible effects on the cardiovascular system (Chan et al., 

1999; Silberstein et al., 2009).  

 

However, it is tonabersat‟s connexin hemichannel blocking properties we examined to test our hypothesis 

that it is similar to Cx43MP in terms of reducing lesion spread, inflammation and vessel leakage, and 

subsequently in conferring neuroprotection on damaged ocular tissues. Thus, this investigation trialled its 

application in conditions involving oxidative stress and inflammation, where abnormalities in connexin 

hemichannels and the gap junctions have been reported (Guo et al., 2016; Kim et al., 2017). Hemichannels 

are also known as “pathological pores” and they are an important target for reducing inflammation and 

oxidative stress associated with chronic inflammatory diseases (Kim et al., 2017).  

 

Various routes of administration of the drug including oral have been tested (Kim et al., 2017; Silberstein 

et al., 2009). Oral administration of drugs is not common for ocular conditions. However, it is the most 

frequently used route of administration in other conditions due to its simplicity, and would certainly be 

more convenient than intraocular injections (Gupta et al., 2009), especially when treating bilateral eye 

disease. Enteral administration of substances with food or water or by orogastric or nasogastric gavage is 

widely used in scientific experiments using laboratory animals (Atcha et al., 2010; Gupta et al., 2009).  

Enteral administration has the advantages of being economical, convenient for the researcher, well-

tolerated by animals, and it is relatively safe in terms of the procedure. Voluntary oral administration is 

completely non-invasive, with the benefit of less direct handling to administer the drug (Atcha et al., 

2010). Consequently, the oral administration possible with tonabersat seemed an ideal approach to 



116 
 

investigate its therapeutic effect in regulating hemichannels in ocular conditions. Previous research has 

indicated that gap junctions may play a role in the bystander effect and onset of cell death mechanisms in 

adjacent cells in retinal disease. As noted in previous chapters though, the undocked connexin hemichannel 

acts as a pathological pore. The exact mechanism of action of tonabersat as a hemichannel blocker in 

conditions of inflammation caused by oxidative stress is unknown. Similarly, treatments remain elusive for 

the early stages of human conditions such as AMD where there is oxidative stress and inflammation. 

 

Therefore, the effect of oral administration of tonabersat on the retina, and particularly on the 

inflammatory reaction in the eye in response to intense light, was examined. This chapter describes the 

effect of the tonabersat compound, delivered systemically or orally, as seen in molecular changes 

indicating the blocking of hemichannel opening, and subsequent effects on retinal function, structure and 

expression of inflammatory markers.  

 

 

5.2 Material and methods 

 

 

5.2.1 Animal model   

 

Four-to-eight week-old SD rats were used for all procedures.  In total, 33 rats were used for the evaluation 

of systemic and oral administration of tonabersat (12 rats for the systemic tonabersat modulation and 21 

rats for oral administration, including a 3-month group). The animal husbandry, anaesthesia and drug 

preparation for the light-damage experiments were conducted using standard procedures, as described in 

Chapter 2.   

 

 

5.2.2 Preparation of tonabersat for systemic and oral delivery  

 

Modulation of hemichannels by systemic and oral administration of tonabersat began consistently at 9.00 

am for the duration of the treatment. Preparation of tonabersat was carried out using the standard 

procedures described in Chapter 2.  Briefly, tonabersat was administered as a double injection in the rat 

peritoneum, the first injection 2 hours into and the second immediately after the 24-hour light-damage 

procedure. The animals were not anaesthetised during the procedure and were restrained by the operator 
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using an over the shoulder grip technique (Machholz et al., 2012). Double injection was also applied in 

this study to allow comparison between tonabersat and Cx43MP. Our previously published study indicated 

that administration of Cx43MP at 2 hours and 24 hours protected retinal tissue function, morphology and 

cellular activity (Guo et al., 2016). The dose administered was 80 µl of 1 mg/ml solution, calculated to 

give a final circulating concentration of 10 µM (assuming a 20 ml blood volume) (Birn et al., 2003; Kim et 

al., 2017) 

 

For oral delivery, three doses mixed with peanut butter were prepared to obtain concentrations of 0.26 

mg/kg, equivalent to 0.08 mg or a final circulating concentration of 10 µM in blood, 0.8 mg/kg = 0.24 mg 

or a final circulating concentration of 30 µM in blood, and 2.4mg/kg = 0.72 mg or a final circulating 

concentration of 90 µM in blood (assuming a 20 ml blood volume). With regard to exclusion criteria, 

animals that did not eat the peanut butter preparation during pre-treatment prior to light exposure were not 

included in the study. Non-eaters were confirmed by monitoring the presence of residual peanut butter in 

the cage. 

 

 

5.2.3 Electroretinograms 

 

The procedure for the electroretinograms was conducted in identical conditions to those described in 

Chapter 2. Briefly, the animals were anesthetised and ERGs recorded using light stimulus elicited by twin-

flashes via a Ganzfeld sphere. The a-waves and b-waves were analysed using a Michaelis-Menten 

function. OPs were collected at the maximum intensity of 2.1 log cd.s/m
2
. Data was collected at 24 hours, 

1 week, 2 weeks and 3 months post-light exposure.  

 

 

5.2.4 Fundus and optical coherence tomography imaging 

 

Fundus and OCT imaging and image analysis were performed using standard procedures as described in 

Chapter 2.   
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5.2.5 Animal tissue collection and processing  

 

After the final ERG recording (2 weeks or 3 months post-light damage), the deeply anaesthetised rats were 

processed for tissue collection as described in Chapter 2.  

 

 

5.2.6 Immunohistochemical labelling of tissue sections  

 

Immunohistochemical labelling was conducted using the indirect immunofluorescence technique, as 

described in Chapter 2. The tissues were immunolabelled with primary antibodies, namely rabbit anti-

Cx43 to label connexin43, mouse anti-CD45 to label leukocytes/macrophages, and mouse anti-GFAP to 

label astrocytes and intermediate filament proteins in activated Müller cells.  The procedure was conducted 

using the standard protocols described in Chapter 2.   

 

 

5.2.7 Statistical analysis  

 

Graphing and statistical analyses were performed using GraphPad Prism 9 as described in Chapter 2.  

 

 

5.3 Results 

 

5.3.1 Effect of systemic tonabersat delivery on the electroretinograms  

 

ERG was performed in light-damaged rats at 24 hours, 1 week and 2 weeks post-intense light exposure, 

with one group extended to 3 months post-exposure. Representative mixed ERG waveforms for systemic 

saline or tonabersat-treated rats at 2 weeks post-light damage are shown in Figure 5.1A. The graphs show 

the values obtained for various intensities. Overall, mixed a-wave amplitude was better preserved in 

tonabersat-treated rats compared with saline-treated rats at light intensities in the range -1.9 to 2.1 log 

cd.s/m
2
, and at all recovery times. There was a significant difference in a-wave amplitude 24 hours post-

treatment at 1.1 to1.8 log cd.s/m
2
 (two-way ANOVA p < 0.05). The average mixed a-wave amplitude was 

significantly larger for all intensities -1.9 and above for the tonabersat-treated group 2 weeks post-

treatment (p < 0.001; Figure 5.1 B). The average mixed b-wave amplitude was larger in the tonabersat-
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treated group at most intensities, and significantly increased 2 weeks post-treatment with tonabersat at 

intensities -3.9-2.1 log cd.s/m
2
 (p < 0.01 to 0.001 for each intensity) (Figure 5.1 D). However, the average 

implicit times for the a-waves and b-waves did not show any differences between the saline and 

tonabersat-treated groups (Figure 5.1 C & E). Implicit a-wave and b-wave times for tonabersat were 

slightly faster in this range than those seen in normal SD rats, but not the saline group. 

 

Further investigation showed that the mixed b-wave amplitude in the ERGs for tonabersat was also better 

preserved as a function of time post-treatment. The mixed b-wave, which reflects function in the inner 

retina, can be seen in Figure 5.2. It shows a significant level of recovery over saline-treated animals in rod 

PIII at 1 week (p < 0.01) and 2 weeks post-tonabersat treatment (p < 0.001; Figure 5.2 A). Moreover, rod 

PIII sensitivity showed a marginal increase, with no significant change from normal SD levels seen post-

tonabersat treatment (Figure 5.2 B). Rod PII amplitude was significantly higher in the tonabersat-treated 

group 2 weeks post-treatment compared to the control saline-treated animals (p < 0.001; Figure 5.2 C). 

However, rod implicit time showed no difference compared to the saline group (Figure 5.2 D). 

 

The isolated rod PIII, PII, cone PII amplitudes and OPs extracted at the highest flash intensity of 2.1 log 

cd.s/m
2
 also exhibited a progressive recovery with tonabersat treatment (Figure 5.3). At 24 hours following 

light damage, neither PIII nor PII were significantly different. However, there was a significant positive 

increase in function between 1 and 2 weeks post-tonabersat treatment. Tonabersat-treated rats showed a 

significantly increased cone PII amplitude at 1 week (p < 0.01) and at 2 weeks (p < 0.001) (Figure 5.3 A). 

However, cone PII implicit time did not show any significant difference between the saline and tonabersat-

treated groups (Figure 5.3 B). The tonabersat-treated group showed significantly increased summed OP 

amplitudes at 24 hours post-light treatment (p < 0.05), and 1 and 2 weeks post-light damage (p < 0.01) 

(Figure 5.3 C). However, summed OP implicit times did not show significant differences between the 

tonabersat and saline groups, except at the 2-week post-light damage time point (p < 0.001; Figure 5.3 D). 
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Figure 5.1: Effect of tonabersat and saline on ERG at various time points post light-damage.  

Representative mixed ERG waveforms at intensities ranging from -1.9 to 2.1 log cd.s/m
2
 (A). Average 

mixed a-wave amplitude was significantly larger in the tonabersat-treated group 2 weeks post-

treatment (B). Average mixed b-wave amplitude was larger in the tonabersat-treated group (D).  The 

average implicit times for a-waves and b-waves did not show any difference between the saline and 

tonabersat-treated groups (C & E). All average data are expressed as mean ± SEM. Statistical analysis 

was performed using a two-way ANOVA and a Bonferroni post-hoc test. Significant values are 

indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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Figure 5.2: Rod PIII and PII amplitude, sensitivity and implicit time for saline and tonabersat-treated rats. 

Rod PIII amplitude was higher (A). Rod PIII sensitivity showed increased recovery for tonabsersat 

treatment, but did not reach statistical significance compared the saline-treated control group (B). Rod PII 

amplitude was significantly preserved in the tonabersat-treated group at 2 weeks (C). Rod implicit time 

showed no differences (D). Rod II implicit time for tonabersat was slightly faster than seen in the normal 

SD rats, but not the saline group. All average data are expressed as mean ± SEM. Statistical analysis was 

performed using an unpaired t-test with a Welch‟s correction.  
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Figure 5.3: Cone PII amplitude, implicit time and OPs in the saline and tonabersat-treated rat groups. 

Tonabersat-treated rats showed significantly increased levels of cone PII amplitude at 1 week (p < 0.01) 

and 2 weeks (p < 0.001) (A). Cone PII implicit time showed no significant difference between the saline 

and tonabersat-treated groups (B). The tonabersat-treated group showed significantly higher summed OP 

amplitude 24 hours, 1 week and 2 weeks post-treatment (C). Summed OP implicit time showed no 

significant differences except at 2 weeks post-light damage (D). All average data are expressed as mean ± 

SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction. 
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5.3.2 Effect of tonabersat delivered orally on the electroretinogram 

 

The effect of oral tonabersat on the function of the light-damaged rat retina was investigated at 24 hours, 1 

week and 2 weeks post-treatment, with one group examined 3 months post-injury and treatment. 

Representative ERG data obtained for up to 2 weeks after oral tonabersat treatment and for each of the 

three doses employed are shown in Figure 5.4 A. As can be seen, at 24 hours post-light exposure, there 

was no significant effect of the treatment on the light-damaged retina. The graphs also show no differences 

between the three doses of tonabersat employed compared with the control (vehicle-peanut butter-treated 

group) (Figures 5.4 B-D). However, significant improvements in mixed a-wave amplitude in both the 0.26 

mg/kg and 0.8 mg/kg treated animals compared to the untreated light-damaged group were seen at 1 week 

post-treatment (p < 0.05, Figures 5.4 B- C), and at wider range of intensities, 0.1-2.1 log cd.s/m
2
, in the 2.4 

mg/kg treatment group (p < 0.001 Figure 5.4 D). Furthermore, by 2 weeks post-treatment the three doses 

of oral tonabersat trialled showed a significant recovery in mixed a-wave amplitude (p < 0.001, Figure 5.4 

B-C) at intensities 0.1-2.1 log cd.s/m
2
. At 2 weeks post-injury, rats treated orally with tonabersat (all three 

doses) had an almost 500 μV (on average) improvement in ERG a-wave at the highest intensity employed 

compared with the control group (p < 0.001; Figure 5.4 B-D), with the a-wave only slightly less than the 

almost 600 μV seen for normal SD rats. There was a significant improvement in mixed b-wave function 

for the 0.26 mg/kg tonabersat treatment group at 24 hours after treatment (Figure 5.4 B-C). However, an 

overt improvement in inner retinal function was seen with increased mixed b-wave amplitude over all 

stimulus intensities by 1 and 2 weeks post-treatment for all three doses of tonabersat (Figures 5.4 B-D). 

The highest dose of tonabersat, 2.4 mg/kg, showed the greatest improvement (on average 600 μV, and 

identical to normal SD rats) in the absolute amplitude of the b-wave compared to the improvement seen for 

the other doses (0.26 mg/kg and 0.8 mg/kg), which showed an average 500 μV improvement. By the end 

of the two-week recovery period, the mixed a-wave and mixed b-wave functions of all tonabersat-treated 

animals were within the range for normal undamaged SD rats. 
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Figure 5.4: Effect of various concentrations of oral tonabersat or vehicle on ERG. Representative ERG 

waveforms for vehicle (peanut butter) and tonabersat-treated light-damaged rats at intensities ranging 

from -3.9 to 2.1 log cd.s/m
2
 (A). Effects of vehicle and tonabersat on mixed a-wave and b-wave 

amplitude of the ERG for 0.26 mg/kg (B), 0.8 mg/kg (C) and 2.4 mg/kg (D) of tonabersat. Statistical 

analysis was performed using a two-way ANOVA and a Bonferroni post-hoc test. Significant values 

are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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To further confirm that the treatment caused specific changes in the rod and cone pathways, the amplitude 

of rod PIII and PII in vehicle (peanut butter) and tonabersat-treated rats was calculated using data for the 

lower 0.26 mg/kg tonabersat dose. The PIII amplitude was slightly higher at 1 week (p < 0.05) and 2 

weeks post-tonabersat (p < 0.001) (Figure 5.5 A). Rod PIII sensitivity showed no significant differences 

compared to the saline group (Figure 5.5 B). Rod PII amplitude was statistically significant 1 week (p < 

0.05) and 2 weeks (p < 0.01) post-tonabersat when compared with the vehicle group (Figure 5.5 C). Rod 

implicit time showed no differences compared to the vehicle-treated group (Figure 5.5 D). Rod II implicit 

time for tonabersat was slightly faster across the range of doses than seen in normal SD rats, but not the 

saline group. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 5.5: Rod PIII and PII for vehicle and 0.26 mg/kg oral tonabersat-treated rats. Rod PIII amplitude 

(A), Rod PIII sensitivity (B), Rod PII amplitude (C), Rod implicit time (D). All average data are expressed 

as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction.  
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In the 0.8 mg/kg oral tonabersat treatment group, the amplitude of rod PIII was significantly different 1 

week post-tonabersat (p < 0.01) and also 2 weeks post-tonabersat (p < 0.001) (Figure 5.6 A). Rod PIII 

sensitivity showed a significant increase 2 weeks post-oral tonabersat treatment (p < 0.001) (Figure 5.6 B). 

Rod PII amplitude showed statistically significant increases 1 week (p < 0.01) and 2 weeks post-tonabersat 

compared with vehicle treatment (p < 0.01) (Figure 5.6 C). Rod PII implicit time showed no statistically 

significant differences compared with the vehicle group (Figure 5.6 D). Rod PII implicit time for 

tonabersat was slightly faster across the time range than seen in normal SD rats, but not the saline group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Rod PIII and PII for vehicle and 0.8 mg/kg oral tonabersat-treated rats. Rod PIII amplitude 

(A). Rod PIII sensitivity (B). Rod PII amplitude (C). Rod PII implicit time (D). All average data are 

expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s 

correction.  
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In the 2.4 mg/kg oral tonabersat treatment group, the amplitude of rod PIII was significantly different at 1 

week and 2 weeks post-treatment (p < 0.001; Figure 5.7 A). Rod PIII sensitivity showed a smaller increase 

2 weeks post-oral tonabersat but was significantly different compared with the vehicle group (p < 0.05; 

Figure 5.7 B). Rod PII amplitude recovery was also statistically significant at weeks 1 and 2 (p < 0.001; 

Figure 5.7 C). Rod PII implicit time showed no differences between any of the groups (Figure 5.7 D). Rod 

II implicit time for tonabersat was slightly faster within range those seen in normal SD rats than saline 

group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Rod PIII and PII amplitude of vehicle and 2.4 mg/kg oral tonabersat-treated rats. Rod PIII 

amplitude (A). Rod PIII sensitivity (B). Rod PII amplitude (C). Rod PII implicit time (D). All average data 

are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s 

correction.  
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Low dose tonabersat treatment of light-damaged rats (0.26 mg/kg) produced a significant recovery in cone 

PII amplitude at 1 week (p < 0.05) and at 2 weeks (p < 0.001) (Figure 5.8 A). Cone PII implicit time 

showed no difference (Figure 5.8 B). The tonabersat-treated group showed significantly increased recovery 

in summed OP amplitude 1 week (p < 0.01) and 2 weeks post-light damage (p < 0.01) (Figure 5.8 C). 

Summed OP implicit time showed significant differences in the tonabersat-treated group compared to the 

saline group  (p < 0.001) (Figure 5.8 D) at both 1 week and 2 weeks post-light damage.  

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Cone PII and OPs for vehicle and 0.26 mg/kg oral tonabersat-treated rats. Tonabersat-treated 

rats showed a significantly increased cone PII amplitude at 1 week and 2 weeks (A). Cone PII implicit time 

(B). Summed OP amplitude increased at 1 and 2 weeks post-light damage (C). Summed OP implicit time 

(D). All average data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired 

t-test with a Welch‟s correction.  
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Furthermore, 0.8 mg/kg oral tonabersat treatment showed a significant increase in cone PII amplitude at 1 

week (p < 0.05) and 2 weeks (p < 0.001) (Figure 5.9A). Cone PII implicit time showed no significant 

differences (Figure 5.9 B). The tonabersat-treated group showed a significantly increased summed OP 

amplitude at 1 week (p < 0.05) and 2 weeks post-light damage (p < 0.010) (Figure 5.9 C). Summed OP 

implicit time showed no significant differences (Figure 5.9 D). 

 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: The cone PII and OPs of saline and 0.8 mg/kg oral tonabersat-treated rats. Tonabersat-treated 

rats showed a significantly increased cone PII amplitude at 1 week and 2 weeks (A). Cone PII implicit time 

showed no significant differences (B). The tonabersat treatment group showed significantly increased 

summed OP amplitude at 1 week and 2 weeks post-light damage (C). Summed OP implicit time showed 

no difference. All average data are expressed as mean ± SEM. Statistical analysis was performed using an 

unpaired t-test with a Welch‟s correction.  
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Rats treated with 2.4 mg/kg tonabersat showed a significantly increased (p < 0.001) cone PII amplitude 

both at 1 week and 2 weeks (Figure 5.10 A). Cone PII implicit time showed no significant differences for 

the saline and tonabersat-treated groups (Figure 5.10 B). The tonabersat-treated group showed significantly 

increased summed OP amplitude at 1 week and 2 weeks post-light damage (p < 0.001) (Figure 5.10 C). 

Summed OP implicit time showed no significant difference for the tonabersat group compared to the saline 

group (Figure 5.10 D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: The cone PII and OPs of vehicle and 2.4 mg/kg oral tonabersat-treated rats. Tonabersat-

treated rats showed significantly increased cone PII amplitude at 1 week and at 2 weeks (A). Cone PII 

implicit time showed no significant differences (B). The tonabersat-treated group showed significantly 

increased summed OP amplitude at 1 week and 2 weeks post-light damage (C). Summed OP implicit time 

showed no difference. All average data are expressed as mean ± SEM. Statistical analysis was performed 

using an unpaired t-test with a Welch‟s correction.  
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5.3.3 Effect of tonabersat systemic delivery on retinal and choroidal structure  

 

The effect of intraperitoneal tonabersat injection (systemic delivery) on the structure of the light-damaged 

retina was investigated using fundus and OCT imaging. Figure 5.11 shows in vivo imaging of the retinal 

and choroidal layers in the saline-treated and tonabersat-treated groups. Retinal layers in the light-damaged 

saline-treated rat group were thinner on average than in normal SD rat retina, although no significant 

fundus changes were observed over the 2-week period (Figure 5.11 A-B). There was significant thinning 

of the outer nuclear layer (ONL) in the post-injury saline-treated group compared with the thickness of this 

layer prior to injury (p < 0.001; Figure 5.11 C). In contrast, there was no significant loss in ONL thickness 

in the systemic tonabersat treatment group at any time point compared with retinal thickness prior to the 

injury. There was also a significant loss in choroidal thickness in the saline-treated group compared with 

choroidal thickness prior to injury (p < 0.001; Figure 5.11 D). There were no significant differences in the 

thickness of the retina or the choroid from 24 hours to 2 weeks, suggesting that tissue structure was 

preserved once treatment was implemented. 
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Figure 5.11: Effect of systemic delivery of tonabersat treatment on retinal and choroidal thickness in the 

light-damaged rat.  The optical coherence tomography (OCT) images are representative of the fundus of 

the saline-treated group (A) and tonabersat group (B). The green scanning line on the fundus images 

represents the exact location of the cross-sectional OCT image. Abbreviation: ONL, outer nuclear layer. 

The thickness of the choroid (C) and the ONL (D) measured before and after light damage and with 

tonabersat treatment. Data are expressed as mean ± SEM. Significant values in comparison with pre-injury 

values are indicated with asterisks: *p < 0.05; **p< 0.01; ***p <0.001. 
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5.3.4 Effect of tonabersat oral delivery on retinal and choroidal structure 

 

Analysis of retinal layers and choroidal thickness was conducted using OCT scans at 24 hours, 1 week and 

2 weeks post-injury. A significant improvement in choroidal and retinal thickness was seen for all three 

doses of oral tonabersat for up to 2 weeks post-treatment (Figure 5.12).  

 

OCT imaging showed that the choroid was significantly thinner in the light-damaged peanut butter 

vehicle-treated eyes 2 weeks post-treatment compared to the images obtained at baseline prior to light 

damage (Figure 5.13), with the loss of retinal thickness mainly due to significant thinning of the ONL. 

However, all three doses of oral tonabersat resulted in preservation of retinal and choroidal thickness 

(Figure 5.13 B, D, and F).  
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Figure 5.12: Effect of oral delivery of tonabersat on retinal and choroidal thickness in light-damaged rats. 

Representative fundus images and optical coherence tomography (OCT) images of the tonabersat-treated 

group at doses 0.26 mg/kg (A), 0.8 mg/kg (B) and 2.4 mg/kg (C). The green line on each fundus image 

represents the scan location of the adjacent cross-sectional OCT image shown as a representative OCT for 

each treated group.  
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Figure 5.13: Effect of tonabersat treatment on retinal and choroidal thickness in the light-damaged rat. The thickness of the ONL and choroid after 0.26 

mg/kg (A-B), 0.8 mg/kg (C-D) and 2.4 mg/kg (E-F) oral treatment. Vehicle-treated animals all showed retinal layer and choroidal thinning compared to rats 

imaged prior to light damage. However, tonabersat-treated animals all showed normal retinal layers and choroidal thickness. Data are expressed as mean ± 

SEM. Significant values are indicated with asterisks: *P < 0.05; **P < 0.01; ***P <0.001. 
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5.3.5 Treatment effect on expression of connexin43, retinal gliosis and inflammation  

  

Following assessment of the morphology of the retina, the effect of tonabersat using  intraperitoneal 

injection and oral delivery were investigated using several tissue markers. The markers used were 

GFAP to investigate the extent of gliosis, Iba-1 to determine microglia immunoreactivity pre- and post-

treatment and Cx43 channels to investigate the target of the therapy. 

 

The results for tonabersat intraperitoneal injection are shown in Figure 5.14. High Cx43 

immunoreactivity was detected in the retina in the saline-treated light-damaged eyes (Figure 5.14 A). 

Treatment with tonabersat resulted in a smaller increase in Cx43 immunoreactivity in the retina 

compared to the saline group (Figure 5.14 D). The Iba-1 antibody was used to analyse microglial 

reactivity. The effect of tonabersat in reducing inflammation was confirmed by the reduced number of 

activated microglia cells present in the retinas of treated rats compared with untreated light-damaged 

rats (Figure 5.15 D). 

 

Orally treated rats also showed less Cx43 immunoreactivity in the retina for all three tonabersat doses 

(Figure 5.16 B-D) compared to vehicle-treated rats (Figure 5.16 A). Iba-1 immunolabelled cells were 

fewer in number in the IPL of the retina in the drug-treated groups (Figure 5.16 F-H). However, a slight 

increase in Iba-1 reactivity was seen for the lowest tonabersat dose of 0.26 mg/kg. GFAP 

immunoreactivity did not increase in the retina for 0.8mg/kg tonabersat (Figure 5.16 K) and 2.4 mg/kg 

tonabersat (Figure 5.16 L) compared to the vehicle (Figure 5.16 I). In animals treated with the lowest 

0.26 mg/kg dose, there was a slight increase in GFAP labelling but it was still less intense than in 

vehicle-treated rats. 

 

The quantification of labelling after systemic tonabersat delivery indicated significantly reduced 

upregulation in GFAP and Cx43 (p < 0.001) (Figure 5.17 A-B). Moreover, quantification of CD45 

positive cell numbers revealed a significantly reduced number of active leukocytes in the tonabersat 

group compared with the saline group (p < 0.001) (Figure 5.17 C). Similarly, quantification of the 

effect of oral tonabersat revealed a significant decrease in GFAP and Cx43 in the tonabersat-treated 

group compared with saline (p < 0.001) (Figure 5.18 A-B). Quantification of Iba-1 positive cell 

numbers also revealed a significantly reduced number of active microglia in the tonabersat group 

compared with saline (p < 0.001) (Figure 5.18 C). 
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Figure 5.14: Effect of saline and tonabersat intraperitoneal injection on cell marker immunoreactivity 

in light-damaged rats. Rats treated with 10 µM tonabersat showed less Cx43 immunoreactivity in the 

retina (D) compared to saline-treated rats (A). GFAP immunoreactivity did not increase in the retina of 

tonabersat-treated rats (J) compared to saline-treated rats (G). Abbreviation: GCL, ganglion cell layer. 

Scale bar: 50 μm.  
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Figure 5.15: Effect of saline and tonabersat intraperitoneal injection on immunoreactivity in the retina of light-damaged rats. Iba-1 

immunolabelled cells were fewer in number in the retina of tonabersat-treated rats (D) compared to saline-treated rats (A). Abbreviation: IPL, 

inner plexiform layer. Scale bar: 50 μm.  
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Figure 5.16: Effect of vehicle (peanut butter) and the three concentrations of oral tonabersat on immunoreactivity in the retina of light-damaged 

rats. Orally treated rats showed less Cx43 immunoreactivity in the retina (B-D) compared to vehicle treatment (A). Iba-1 immunolabelled cells 

were fewer in number in the IPL of the retina of tonabersat-treated rats (F-H) compared to vehicle-treated rats. However, a slight increase in Iba-1 

reactivity was seen for the lowest 0.26 mg/kg oral dose. GFAP immunoreactivity did not increase in the retina for 0.8mg/kg tonabersat (K) and 2.4 

mg/kg tonabersat (L) compared to vehicle rats (I). For the lowest 0.26 mg/kg oral dose there was slightly increased GFAP labelling, but it was still 

less intense than for the vehicle alone. Abbreviation: GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar: 50 μm.  
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Figure 5.17: Quantification of GFAP immunoreactivity (A) and Cx43 expression (B) areas, and mean 

number of Iba-1 positive cells (C) in the tonabersat and saline-treated light-damaged rats.  Results show 

a significantly lower level of GFAP and Cx43 upregulation in the tonabersat-treated group compared 

with saline (p < 0.001) (A-B). Quantification of CD45 positive cell numbers revealed a significantly 

reduced number of active leukocytes in the tonabersat group compared with saline-treated control 

animals (p < 0.001) (C). Statistical analysis was conducted using one-way ANOVA, followed by 

Tukey's multiple comparisons test. Significant values in comparison with results for the untreated 

group are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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Figure 5.18: Quantification of GFAP immunoreactivity (A) and Cx43 expression (B) areas, and mean 

number of Iba-1 positive cells (C) for each of the three oral tonabersat doses compared with vehicle 

alone in light-damaged rats.  Analysis revealed significantly less upregulation of GFAP and Cx43 in all 

three tonabersat-treated groups compared with vehicle (p < 0.001) (A-B). Quantification of the Iba-1 

positive cells revealed a significantly reduced number of active microglia in all three tonabersat-treated 

groups compared with vehicle (p < 0.001) (C). Statistical analysis was conducted using one-way 

ANOVA, followed by Tukey's multiple comparisons test. Significant values in comparison with results 

from the untreated group are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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5.3.6 Long-term effect of tonabersat on the function and structure of the retina 

 

 

The long-term effect of tonabersat was evaluated using animals treated with the highest dose of oral 

tonabersat trialled (2.4mg/kg). These rats were maintained for 3 months under normal breeding and 

food access conditions. The results show that 3 months post-light damage, oral tonabersat treatment 

resulted in significant preservation of retinal function and morphology compared to vehicle-treated 

animals, which continued to show retinal degeneration. The ERG wavelength amplitudes in treated 

animals, specifically the a-wave and b-wave, were slightly lower compared to treated animals assessed 

at 2 weeks post-oral tonabersat treatment. The a-wave showed an improvement in photoreceptor 

function exceeding 400 µV, and the b-wave amplitude exceeded 500 µV compared with vehicle-treated 

animals (Figure 5.19 A-B). For PIII rod and PII rod response, there was no significant change 3 months 

after oral tonabersat treatment compared to before light damage, suggesting that treatment completely 

protected photoreceptor function. The changes in rod PIII and rod PII amplitudes were significantly 

different compared with the vehicle-treated light-damaged group at 3 months (p < 0.001) (Figure 5.19 

C-D). In addition, greater changes in cone PII and OPs amplitudes were seen 3 months post-oral 

tonabersat treatment compared to vehicle treatment in light-damaged rats (p < 0.001) (Figure 5.20 A-

B). The cone PII and OPs amplitudes after oral tonabersat treatment were not significantly different 

from the values obtained prior to light exposure.  

 

The OCT imaging at 3 months post-treatment with 2.4 mg/kg oral tonabersat showed retinal and 

choroidal thickness were significantly preserved compared to the vehicle treatment group (Figure 5.21 

A-B). ONL analysis revealed this preservation was highly significant for retinal layer thickness in light-

damaged rats 3 months post-oral tonabersat treatment compared to the vehicle-treated group (p < 

0.001) (Figure 5.21 C). The ONL analysis revealed no significant difference for retinal layer thickness 

between the oral tonabersat-treated group at 3 months and thickness prior to the light damage 

procedure. Further analysis of the retina revealed only slightly reduced thickness of the INL in the oral 

tonabersat-treated group at 3 months compared to the same animals imaged prior to the light damage 

procedure (p < 0.05). However, the vehicle-treated rats showed significant retinal thinning compared to 

retinal thickness prior to the light damage procedure (p < 0.001) (Figure 5.21 D). The effect of oral 

tonabersat was confirmed to be long-term for the choroid also, as the choroid OCT images indicated no 

significant difference between oral-tonabersat treated rats at 3 months and the same rats assessed prior 

to the light damage procedure. In contrast, vehicle-treated light-damaged rats assessed at 3 months 

post-injury showed significant thinning of the choroid p < 0.01 (Figure 5.21 E). This data provides a 

new perspective on tonabersat‟s capability for providing long-lasting benefit by shutting down the 

spread of damage and ongoing inflammation. 
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Figure 5.19: Effect of 2.4 mg/kg oral tonabersat or vehicle on the ERG at 3 months post-treatment in light-damaged rats. Effect of vehicle and tonabersat on 

mixed a-wave (A) and b-wave (B) amplitude. Statistical analysis was performed using a two-way ANOVA and a Bonferroni post-hoc test. Rod PIII (C) and 

PII (D) results. All average data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction. 

Significant values are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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Figure 5.20: Cone PII and summed OP amplitude in rats before light damage, and at 3 months for 

vehicle-treated and 2.4 mg/kg oral tonabersat-treated light-damaged rats. Tonabersat-treated rats 

showed significantly preserved cone PII amplitude at 3 months (A). The tonabersat-treated group also 

showed significantly preserved summed OP amplitude at 3 months post-light damage (B). All average 

data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a 

Welch‟s correction. 
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Figure 5.21: Effect of vehicle or tonabersat on retinal and choroidal thickness 3 months after treatment in light-damaged rats. OCT images of treated rats (A) 

and vehicle-treated rats (B). The thickness of the INL, ONL and choroid (C-E). Data are expressed as mean ± SEM. Significant values in comparison with 

the untreated vehicle (peanut butter) group are indicated with asterisks: *P < 0.05; **P < 0.01; ***P <0.001. 
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5.4 Discussion 

 

The research described in this chapter was undertaken to assess the effect of tonabersat, a drug that had 

been taken into phase II clinical trials for other indications but was recently discovered to be a connexin 

hemichannel blocker. This investigation confirmed that tonabersat has an equivalent effect to Cx43MP. 

More importantly, it showed the relative benefits of systemic and oral administration of tonabersat in 

the light-induced retinal degeneration animal model. Systemic and oral delivery of drugs represents a 

significant step forward in ocular treatment, especially for diseases such as AMD and DR which are 

often bilateral. One potential limitation is that bioavailability after oral administration will depend on 

epithelial and endothelial barriers and absorption in the stomach and gastrointestinal tract, but this did 

not seem to be a constraint in our studies. Bioavailability also depends on the half-life and degradation 

rate of a drug from the circulation system (Bruno et al., 2013). However, several reports have shown 

that the unique properties of tonabersat can overcome the challenges of oral administration to achieve 

therapeutic effect, with once daily oral dosing possible owing to its relatively long half-life (Silberstein 

et al., 2009).  For the different concentrations trialled in our study (10 μM in the blood by 

intraperitoneal injection or 10, 30 or 90 μM [0.26. 0.8 and 2.4mg/kg] by oral administration), 

acceptable neuroprotection was conferred across the dose range and by either delivery method. These 

concentrations were similar to those used in phase II clinical trials of tonabersat‟s potential as a therapy 

for migraine used at daily dosages of 20 to 80 mg [0.25 to 1mg/kg assuming an 80kg body weight] 

(Hauge et al., 2009). 

 

As reported in the literature, tonabersat has been widely used in clinical studies. It has shown potential 

in the treatment of migraine patients and can be safely consumed orally (Cao & Zheng, 2014; Hauge et 

al., 2009). It is also indicated as having no effect on blood pressure and heart rate (Parsons et al., 2001; 

Silberstein et al., 2009). Furthermore, unlike another hemichannel blockers, tonabersat has a terminal 

half-life of 24–40 hours, which gives improved bioavailability compared to other blockers. By 

comparison, the half-life of Cx43MP is 145.57 ± 14.57 minutes (Chen et al., 2013) in vitreous. 

Tonabersat is rapidly absorbed within Tmax 0.5-3 hours and has a high affinity (95%) with plasma 

membrane (Patsalos, 2012). These pharmacological characteristics of tonabersat suggest it could play 

an important role in promoting protection during cellular insults.  

 

In the present study, the effects of intraperitoneal and oral administration of tonabersat were 

investigated to determine its effectiveness in protecting retinal function, retinal structure and molecular 

activity. Low, medium and high doses of tonabersat ingested orally were found to be neuroprotective 

over the period assessed (out to three months post-injury). Tonabersat significantly preserved the 
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function of the retina, in particular the function of photoreceptors and bipolar cells in the inner retina. 

The increased oscillatory potentials found for all three doses are indicative of a protective effect on 

inner retinal cells despite light damage. The PIII and PII responses seen in the ERG signal specific 

protection of the phototransduction pathway and post-photoreceptor neuron responses. Tonabersat also 

preserved the retinal layers, as measured by OCT. Futhermore; the findings indicate systemic delivery 

of tonabersat also improved retinal function, morphology and preserved structures at the cellular level.  

 

A previous study indicated the superior retinal quadrant as the most prevalent area of damage in rats as 

a result of light insult due to the incident angle of light under which animals were reared (Organisciak 

& Vaughan, 2010). However, the increased molecular damage seen in this quadrant could possibly be 

caused by high ROS formed as a by-product of ATP production or retinal oxidative stress (Prunty et 

al., 2015). Another possible explanation for this localised damage is that blood circulation in the 

superior retina is different and there is less basic fibroblast growth factor in this quadrant (O'Driscoll et 

al., 2008). Whatever the cause, the outcome is that the superior retina shows decreased ERG function 

due to altered retinal and choroidal thickness (implying degeneration). However, tonabersat treatment 

seems to act on a fundamental molecular pathway, possibly blood vessel endothelial cells, but also on 

the inflammatory response as the drug significantly protected the tissue whether delivered by 

intraperitoneally or orally in the current study.  In other retina Cx43 modulation studies, benefits have 

included reduced inflammation by blocking connexin hemichannels using 280 μM peptide delivered by 

intravitreal injection to give a final dose concentration of 20 μM (Guo et al., 2014). In the current 

study, a single, low concentration dose of orally or systemically delivered tonabersat was shown to 

protect the tissue from inflammation. 

 

The effect of the drug seems to be through its action as a connexin43 hemichannel blocker, with a 

mode of action equivalent to that of Cx43MP. Connexin43 expression is often elevated during cellular 

insults, as has been seen in various disease models, such as for spinal cord injury (Guo et al., 2016; 

Mao et al., 2017; O'Carroll et al., 2008; Theriault et al., 1997), neuropathic pain (Tonkin et al., 2014), 

retinal injury (Sohl et al., 2000) and epilepsy (Mylvaganam et al., 2014). In the intense light exposure 

rat model, alterations in the retina and choroid, including the endothelial cells of the choriocapillaris, 

lead to inflammation via Cx43 hemichannel opening. Similarly to the effect of Cx43MP in reducing 

vessel leakage and inflammation while improving function in other CNS injury models (Chen et al., 

2013; Danesh-Meyer et al., 2012; Davidson et al., 2014; Davidson et al., 2015; Mao et al., 2017; 

O'Carroll et al., 2008), tonabersat may be conferring protection by blocking open hemichannels (Kim 

et al., 2017). 
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Furthermore, the hallmarks of retinal stress, namely upregulation of GFAP in astrocytes and Müller 

cells (signs of reactive gliosis), Iba-1 positive microglia that participate in phagocytosis and NLRP3 

inflammasome assembly, were also decreased with tonabersat treatment. It appears that tonabersat acts 

consistently on a master event that leads to retinal damage in this model (Kim et al., 2017). The choroid 

and retina have resident immune cells that are known to quickly react to invading agents (Shaw et al., 

2016), and another possibility is that tonabersat is regulating specific immune cell activity, preventing 

downstream inflammatory damage and assembly of the inflammasome. In fact, the accumulating 

evidence suggests that numerous aberrant macrophages invade the choroid and the retina in light-

damaged eyes (Guo et al., 2014). The reduction in CD45+ leukocytes in the choroid seen as a result of 

tonabersat treatment may be important, as interleukin release from these cells may be the cause of 

increased GFAP expression in Müller cells in an attempt to protect the retina. In normal cell types, the 

expression of NLRP3 is relatively low but expression is elevated during injury (Jo et al., 2016). NLPR3 

has been associated with an auto inflammatory loop of stimulation, and a number of studies have 

attempted to target the inflammasome with anti-inflammatory therapies (Jo et al., 2016; Vanaja et al., 

2015). Formation of the inflammasome is strongly associated with the process of caspase-1 activation, 

which then leads to the release of the proinflammatory cytokines IL-1β and IL-18, inducing apoptosis 

and pyrotosis of the cells (Jo et al., 2016; Vanaja et al., 2015).  

 

This chapter has described investigations showing that tonabersat, delivered both intraperitoneally and 

orally, could effectively be acting on a specific step in the inflammatory process to prevent retinal 

damage from an extensive immune response in the light-damaged animal model. Comparisons between 

the two completely different drugs used so far in this thesis, a well characterised mimetic peptide and a 

small molecule which has shown equivalence, indicate that tonabersat could have implications for 

reducing inflammation and inflammasome activation after injury under many disease conditions. For 

the state of chronic inflammation seen in the rat model of light damage, and typical of early AMD in 

humans, early intervention with the hemichannel blocker tonabersat may break a pathological 

hemichannel-mediated inflammatory cycle that appears to be a significant mechanism in the disease 

pathology.  

 

 

 

 

 



150 
 

 

 
 
 
 
 

 

 

 

 

Chapter 6: Tonabersat and probenecid protect from acute photo-

damage of the chorio-retinal complex in the light damaged animal model 
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6.1  Introduction 
 

 

There have been a number of studies that have reported a role of inflammation in the pathogenesis of 

AMD (Kauppinen et al., 2016; Knickelbein et al., 2015; Telander, 2011). Focal inflammation leads to 

drusen formation, a process that is associated with an immune system mediated response (Anderson et 

al., 2002; Buschini et al., 2011). According to recent reports, in the light damaged animal model of 

AMD hemichannels formed by Cx43 in the choroid, RPE and retina significantly contribute to the 

pathology (Guo et al., 2016; Kim et al., 2017). However, pannexin proteins have also been upregulated 

in tissues with chronic inflammation (Begandt et al., 2017; Sarrouilhe et al., 2017) and have been 

shown to enhance ATP release in the retina and choroid environment leading to cell death by DNA 

fragmentation associated with apoptotic mechanisms (Puthussery & Fletcher, 2009; Xue et al., 2016; 

Yang et al., 2011).   

 

The activation of connexin hemichannels is the result of molecular and physical insults that disrupt 

normal homeostasis (Danesh-Meyer et al., 2016; Leybaert et al., 2017; Sohl et al., 2000). Similar to 

connexin hemichannels, one pannexin hemichannelfunction is to release ATP and other metabolites for 

cellular communication and for paracrine signaling (Xue et al., 2016; Yang et al., 2011).  Pannexin 

hemichannels have been suggested as the source of retinal damage in a range of conditions. For 

example, in an in vitro ischemia/reperfusion model, during ischemia about a third of ATP release was 

pannexin mediated, two thirds hemichannel- mediated but during post-ischemia (reperfusion phase) 

only connexin hemichannels were responsible for ATP release (Kim et al., 2017). Connexin 

hemichannels and pannexin channels have also been linked to the pathophysiology of ischemia in other 

organs, including the occurrence of seizures and in diseases of the eye such as AMD (Aquilino et al., 

2017; Danesh-Meyer et al., 2016; Scemes et al., 2007) 

 

Upon dysfunction of both these channels, there is ATP efflux and activation of the caspase pathway 

leading to programmed cell death. Given the vital role of ATP in activation of the inflammasome (Jo et 

al., 2016) and the mixture of evidence about the role of pannexin and connexin in slowing down 

normal homeostasis, further in vivo studies in other animal models are needed. 

 

The Pannexin family consist of 3 subtypes with pannexin1the main one expressed in the retina 

(Kurtenbach et al., 2014).  A few potential compounds have been reported to irreversibly block the 

pannexin1 channel. One of the potential blockers is probenecid. Probenecid has been used in the 

treatment of chronic gout or gouty arthritis caused by increased quantities of uric acid in the blood. 

Probenecid acts as an inhibitor at the active transport site that causes excretion of uric acid to increase. 
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In the treatment of gout, inhibition of pannexin1 hemichannels did not affect Cx hemichannels 

(Silverman et al., 2009).  

 

A novel benzopyran compound benzopyrancompound,(-)-cis-6-acetyl-4S-(3-chloro-4-fluoro-

benzoylamino)-3,4-dihydro-2,2-dimethyl-2H-benzo[b] pyrane - 3 S-ol (SB-220453) also known as 

tonabersat (Sarrouilhe et al., 2014) has recently been shown to be a specific Cx hemichannel blocker 

(Kim et al., 2017) as shown in the previous chapter. Tonabersat has been found to reduce neuronal 

hyper excitability and neurogenic inflammation in rat models (Damodaram et al., 2009). Furthermore, a 

study indicated that oral administration of 40 mg of tonabersat inhibited occurrence of headaches in 

people with migraine attack (Sarrouilhe et al., 2014). Previous clinical studies using tonabersat have 

shown the drug is well tolerated and has no adverse side effects on the CNS even at the higher doses 

employed (Damodaram et al., 2009). Furthermore, one study found that tonabersat blocked increases in 

Cx26 in trigeminal ganglion neuronal-glial cells in acute or chronic joint inflammation (Damodaram et 

al., 2009), and our previous study has shown a protective effect of tonabersat in the light damaged rat 

model (Kim et al., 2017). It preserved retinal function, chorio-retinal integrity and reduced 

inflammation in the light damaged rat retina as has been expanded upon in the previous chapter. 

 

In this study, selective inhibition of the connexin and pannexin channels was investigated to see which 

is needed to prevent retinal damage and to determine the contribution of each channel in the 

inflammatory response of the eye. The the effect of tonabersat and probenecid compounds in blocking 

connexin and pannexin has been assessed by measurement of retinal function and morphology in the 

light-damaged albino rat eye.  

 

 

6.2 Material and Methods 

 

 

6.2.1 Animal model   

 

Four -to- eight week old, SD rats were used in the procedures.  18 rats were used for the evaluation of 

probenecid treatment and probenecid with tonabersat treatment (6 rats used with probenecid 

modulation, 6 rats used with a combination of probenecid and tonabersat modulation, and 6 rats used as 

saline control). The animal husbandry and light damage experiments, anaesthesia and drug preparation 

were conducted using standard procedures as described in chapter 2.   
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6.2.2 Treatment - intraperitoneal injections 

 

Interventions were consistently started at 9.00 A.M. Briefly, treatment consisted of probenecid alone, 

probenecid with tonabersat or saline, all injection intraperitoneal (i.p) 2 hours after onset and again 

immediately after the completion of 24 hours light exposure. Both the tonabersat and probenecid 

formulations were prepared to a final concentration of 1 mg/ml for tonabersat and 50 mg/ml for 

probenecid respectively. The syringe used in the i.p injection was attached to a 27G needle (BD 

PrecisionGlide™, USA). No anaesthesia was given during the intraperitoneal drug administration; the 

animals were restrained by one-person using over the shoulder grip technique (Machholz et al., 2012). 

Animals were anaesthesized for the ERG and OCT recordings as described in Chapter 2.  

 

 

6.2.3 Tonabersat and probenecid preparation and injection 

 

Tonabersat and probenecid formulations were prepared according to the procedure previously used by 

Kim et al. (2017) and Wei et al. (2015). Briefly, tonabersat was weighed and PEG/cyclodextrin vehicle 

added at the ratio of 10mg per 10ml PEG/cyclodextrin. 2.4 ml MilliQ water was added to 3.6 g 

cyclodextrin and placed on a rocker for several hours to dissolve. Then, 6 ml MilliQ water was added 

followed by 4ml PEG. The concentration was mixed thoroughly and sonicated at 35-40 
°
C in a water 

bath for 2 hours. This stock was then stored at 4
 
°C. The tonabersat was prepared with concentration 1 

mg/ml with 10 µM for final blood tonabersat concentration. In example, 1 mg/ml correspond to 0.24 ml 

administered per rat, which means 0.24 mg of tonabersat was delivered. The drug dose administered 

was 80 µl of a 1 mg/ml solution, calculated to give a final circulating concentration of 10 µM 

(assuming a 20 ml blood volume) (Birn et al., 2003; Kim et al., 2017) 

 

Probenecid (C13H19NO4S; Sigma), was dissolved in 2 mM NaOH, and the pH was adjusted to 7.0 with 

0.2 M HCl (Wei et al. 2015).  Briefly, probenecid was weighed out at a ratio of 50 mg/ml in NaOH; pH 

was adjusted and the stock was then stored at -20 
°
C. Final concentration of probenecid in blood was 

0.115 ml per rat, which means 5.75 mg of probenecid was delivered. 

 

Probenecid and tonabersat were injected i.p separately to the animal in order to avoid drug precipitate. 

Tonabersat were injected first followed by probenecid on same side before animals were returned back 

to their cages and standard housing conditions.  
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6.2.4 Electroretinogram 

 

The procedure for the electroretinogram was conducted in identical conditions as described in chapter 

2. Briefly, the animals were anesthetized and ERGs were recorded using light stimulus elicited by twin-

flashes via a Ganzfeld sphere. Waveforms of a-wave and b-wave were recorded and analyzed using a 

Michaelis-Menten function. OPs were collected at the highest light intensity of 2.1 log cd.s/m
2
. Data 

was collected at 24 hours, 1 week and 2 weeks post interventions.  

 

 

6.2.5 Fundus and optical coherence tomography imaging 

 

The fundus and OCT imaging technique and images analysis were performed using standard 

procedures, as described in chapter 2.   

 

 

6.2.6 Animal tissue collection and processing  

 

After the final ERG recording (2 weeks post light damage) deeply anesthetized rats were processed for 

tissue collection as described in chapter 2.  

 

 

6.2.7 Immunohistochemical labelling of tissue sections  

 

Immunohistochemical labelling was conducted by using the indirect immunofluorescence technique as 

described in chapter 2. The tissues were immuno-labelled with primary antibodies, including rabbit 

anti-Cx43 (1:1000,Cat C6219 , Sigma Aldrich, USA), mouse anti-CD45 (1:20, Cat 550566, BD 

pharmigen, USA), and mouse anti-GFAP (1:1000, Cat C9205, Sigma-Adrich, USA) antibodies.  The 

procedure was conducted using standard protocols described in chapter 2.   

 

 

6.2.8 Statistical analysis  

 

Graphing and statistical analyses were performed using GraphPad Prism 9 as described in chapter 2.  
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6.3 Results 

 

 

6.3.1  Effects of probenecid and/or tonabersat on the electroretinogram  

 

To determine the contribution of pannexin and connexin channels to retinal damage we tested the 

hypothesis that specific connexin hemichannel blockers improve retinal functionality despite the 

occurrence of mixed responses to an intense light-damage insult. The ERG analysis was done at 24 

hours, 1 week and 2 weeks post intense light exposure and saline or drug-treatments. The representative 

mixed ERG waveforms of probenecid (Figure 6.2), tonabersat with probenecid treatment and saline 

(Figure 6.1) were obtained at 2 weeks post-light damage. 24 hours post treatment; there were no 

significant differences between the effect of probenecid, tonabersat with probenecid and the saline 

treatment (Figure 6.1B and Figure 6.2B). The effect of tonabersat with probenecid on the a-wave 

amplitude was also significantly larger at selected intensities 1 week post treatment (p < 0.01 to 0.001) 

and 2 weeks (p < 0.001) (Figure 6.1B). Furthermore, the average mixed b-wave amplitude was larger in 

tonabersat with probenecid treated groups at most intensities with a significantly large increase 2 weeks 

post treatment at all intensities (p < 0.05 to 0.001) (Figure 6.1D). The a-wave and b-wave implicit time 

was not different between saline and tonabersat with probenecid treated groups (Figure 6.1 C, E).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 6.1: Effect of intraperitoneal saline and tonabersat with probenecid treatment on the ERG. 

Representative mixed ERG waveforms at intensities 1.6 to 2.1 log cd.s/m
2
 (A). The mixed a-wave 

amplitude was significantly larger in tonabersat and probenecid treated groups at selected 

intensities 1 week and 2 weeks post-treatment (B). The mixed b-wave amplitude was larger in 

tonabersat and probenecid treated rats at most intensities 2 weeks post treatment (D).  The a-wave 

and b-wave implicit time was not different (C, E). All data are expressed as mean ± SEM. 

Statistical analysis was performed using a two-way ANOVA and a Bonferroni post-hoc test. 

Significant are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.  
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In the probenecid group, starting 1-week post light damage, the ERG mixed a-wave amplitude was 

increased significantly at 1.1 log cd.s/m
2
 (p < 0.05) and at 1.6 – 2.1 log cd.s/m

2
 (p < 0.01). After 2 

weeks, statistical significance was upheld (Figure 6.2B). the average b-wave amplitude was large in the 

probenecid treated group at most intensities with a very significant increase  2 weeks after probenecid 

treatment at intensities -3.9 – 2.1 log cd.s/m
2
 (ranging p < 0.05 to 0.001) (Figure 6.2 D).   At 1 week 

post-treatment with probenecid, significant difference was only apparent for the 1.6 log cd.s/m
2
 

intensity (p < 0.05). The a-wave and b-wave implicit time did not show any differences between saline 

and probenecid treated groups (Figure 6.2 C, E). 
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Figure 6.2: Effect of intraperitoneal saline or probenecid treatment on the ERG.  Representative 

mixed ERG waveforms (A). The average mixed a-wave amplitude was significantly larger in the 

probenecid treated group (B). The average mixed b-wave amplitude (D).  ERG a-wave implicit 

time (C) and b-wave implict time (E). All data are expressed as mean ± SEM. Statistical analysis 

was performed using a two-way ANOVA and a Bonferroni post-hoc test. Significant are indicated 

with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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Further analysis showed that the PIII and PII also improved as a function of time post-treatment. In the 

tonabersat and probenecid group, the amplitude of rod PIII was slightly higher and significantly 

different 2 weeks post light damage (p < 0.001) (Figure 6.3 A). Rod PIII sensitivity was marginally 

increased with statistically significant differences between tonabersat and probenecid treated rats 

compared with the saline group (Figure 6.3 B). Rod PII amplitude was significantly higher in the 

tonabersat and probebecid treated group at 2 weeks compared to the saline group (p < 0.001) (Figure 

6.3 C). Rod implicit time showed no difference compared to the saline group (Figure 6.3 D).  

 

In the probenecid group, the amplitude of rod PIII was also slightly higher and reached significant 

difference 2 weeks post treatment (p < 0.001) (Figure 6.4 A). Rod PIII sensitivity showed no 

significant differences between probenecid treated compared to saline treated groups (Figure 6.4 B). 

Rod PII amplitude was significantly higher in the probenecid treated group 2 weeks post-treatment and 

statistically significant compared to the saline group (p < 0.05) (Figure 6.4 C). Rod implicit time 

showed a significant difference at 2 weeks (Figure 6.4 D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



160 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: The ERG rod PIII and PII in saline and tonabersat with probenecid treated rats. The rod 

PIII amplitude (A), Rod PIII sensitivity (B), Rod PII amplitude (C) and Rod PII implicit time (D).. All 

data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a 

Welch‟s correction.  
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Figure 6.4: The rod PIII and PII in saline and probenecid treated rats. The rod PIII amplitude was 

significantly different 2 weeks post treatment (A). Rod PIII sensitivity showed no significant 

differences (B). Rod PII amplitude was significantly higher in probenecid treated group at 2 weeks (C). 

Rod implicit time was signfificantly different at 2 weeks (D). All data are expressed as mean ± SEM. 

Statistical analysis was performed using an unpaired t-test with a Welch‟s correction.  
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The analysis of the cone PII and oscillatory potentials revealed that the combination of tonabersat with 

probenecid caused a significant recovery in cone PII amplitude at 2 weeks, p < 0.001 (Figure 6.5 A). 

Cone PII implicit time showed no significant differences (Figure 6.5B). The tonabersat and probenecid 

treated group showed significantly increased OPs summed amplitude 24 hours post-treatment (p < 

0.01) (Figure 6.5 C). OPs summed implicit time showed no significant differences (Figure 6.5 D). 

Meanwhile, the cone PII in the probenecid group had significantly recovered at 2 weeks post-treatment, 

p < 0.05 (Figure 6.6 A). Cone PII implicit time showed no significant differences (Figure 6.6 B). 

Probenecid-treated groups showed significantly recovered OPs summed amplitude at 1 week (p < 0.01) 

and 2 weeks (p < 0.001) (Figure 6.6 C). OPs summed implicit time showed no significant differences 

(Figure 6.6 D). 

 

 

 

Figure 6.5: The cone PII and OPs in saline and tonabersat with probenecid treated rats. The cone PII 

and OPs in saline and tonabersat with probenecid treated rats. The combination of tona and pro showed 

a significant recovery of cone PII amplitude at 2 weeks (A). Cone PII implicit time showed no 

significant differences (B). The tonabersat and probenecid treated group showed significantly 

recovered OPs summed amplitude 24 hours post treatment (C). OPs summed implicit time was not 

different (D). All data are expressed as mean ± SEM. Statistical analysis was performed using an 

unpaired t-test with a Welch‟s correction.  
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Figure 6.6: The cone PII and OPs of saline and probenecid treated rats. Probenecid treated rats showed 

a significantly recovered cone PII amplitude at 2 weeks (A). Cone PII implicit time showed no 

differences (B). Probenecid treated groups showed significantly recovered OPs summed amplitude (C). 

OPs summed implicit time showed no significant differences (D). All data are expressed as mean ± 

SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s correction.  
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6.3.2 Effect of probenecid and/or tonabersat on the retinal and choroid thickness 

 

The effect of the probenecid alone or with tonabersat on the morphology of the retina and choroid was 

analysed using OCT. It can be seen from the data in Figure 6.7 that there was thinning of retinal layers 

and choroid in the light damaged saline treated group 2 weeks post intervention. In comparison, the 

probenecid and tonabersat and probenecid treated groups retinal thickness were not significantly 

different to baseline non-light damaged rats (Figure 6.7). Further analysis of ONL thickness showed 

that either probenecid alone or and tonabersat and probenecid preserved ONL thickness up to 2 weeks 

(p < 0.001; Figure 6.7 A, B).  Moreover, the effect of both treatment strategies protected the choroid 

from thinning and this effect was maintained and was significantly different from the saline treated 

group (p < 0.001; Figure 6.7 C, D).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Effect of saline, probenecid and tonabersat with probenecid treatments on the light-

damaged rat retinal and choroidal thickness.  The thickness of the ONL was obtained from optical 

coherence tomography images of tonabersat and probenecid treated rats (A), the probenecid treated 

group (B) and the thickness of the choroid in the tonabersat and probenecid group (D) and probenecid 

(D). Data are expressed as mean ± SEM. Abbreviations: ONL, outer nuclear layer. Significant values 

are indicated with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001. 
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6.3.3 Treatment effect on expression of connexin43, retinal gliosis and inflammation  

  

Following assessment of the tissue structure, the effect of probenecid, and tonabersat and probenecid or 

saline on the retina at a cellular level was investigated using several tissue markers. The markers used 

were GFAP to investigate the extent of gliosis, Iba-1 to determine the microglia immunoreactivity pre 

and post-treatment and Cx43, the target of the therapy labeling.  

  

As can be seen in Figure 6.8, high Cx43 immunoreactivity was observed in the retina in saline group of 

light damaged eyes (Figure 6.8 A). Treatment with probenecid and/or tonabersat with probenecid 

caused a reduced immunoreactivity of Cx43 in the retina compared to saline group (Figure 6.8 B, C). 

The Iba-1 antibody was used to analyze the microglial reactivity as a marker of microglial activation. 

The protection effect of probenecid and/or and tonabersat and probenecid was assessed by counting the 

number of microglia cells present in the tissue compared with light damaged rats. There were fewer 

Iba-1 labeled cells in the inner plexiform layer and reduced evidence of migration of microglia to the 

outer layer of the retina (Figure 6.8 E, F) compared to the saline group (Figure 6.8 C). 

  

In addition, GFAP was used to determine the effect of probenecid and/or and tonabersat and 

probenecid on astrocyte and Müller cell activation, particularly in the inner retina. Based on the results, 

there was weaker immunoreactivity for GFAP in both probenecid and and tonabersat and probenecid 

treated rats (Figure 6.8 H, I) compared to the saline group (Figure 6.8 G). However, intense GFAP 

immunoreactivity associated with expression of GFAP in the processes of Müller cells was detected in 

the saline group (Figure 6.8).  

 

Quantification of the immunohistochemistry labeling revealed a significantly lower level of 

upregulation of both GFAP and Cx43 expression in the tonabersat and probenecid treated group 

compared with saline (p < 0.001) (Figure 6.9 A-B). Quantification of the Iba-1 positive cells revealed 

that treatment reduced the number of active microglia compared with saline (p < 0.001) (Figure 6.9 C). 

The tonabersat and probenecid group also had statistically significantly fewer migroglia compared to 

the probenecid group (p < 0.05) (Figure 6.9 C). 
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Figure 6.8: Effect of saline, probenecid and tonabersat with probenecid on immunoreactivity of light damaged rats. Probenecid and/or tonabersat 

treated rats showed less Cx43 immunoreactivity in the retina (B,C) compared to saline treated rats (A). Iba-1 immuno-labelled cells were fewer in 

number in the retina of probenecid treated rats (E) and tonabersat and probenecid (F) compared to saline-treated rats. GFAP immunoreactivity did 

not increase in the retina of probenecid treated rats (H) nor in the tonabersat and probenecid treated rats (I) compared to saline-treated rats (G). 

Abbreviation: GCL: ganglion cell layer; IPL: inner plexiform layer. Scale bar: 50 μm. 
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Figure 6.9: Quantification of GFAP immunoreactivity (A), Cx43 expression (B) and mean number of Iba-

1 positive cells (C) in the probenecid, tonabersat and probenecid and saline treatment groups.  Analysis 

revealed a significant decrease in GFAP and Cx43 in the tonabersat treated groups (A-B). There was a 

decreased number of Iba-1 positive cells in treated tissues (C). The tonabersat and probenecid group also 

showed statistically significantly fewer microglia compared to the probenecid group (C). Statistical 

analysis was conducted using one way ANOVA, followed by Tukey's multiple comparisons test. 

Significant values in comparison with results from the untreated group are indicated with asterisks: *p < 

0.05; **p < 0.01; ***p <0.001. 
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6.4 Discussion 

 

The present study was conducted to determine the effect of connexin and pannexin modulator, tonabersat 

and probenecid, respectively on the light damaged rats. In general, these results suggest that there is strong 

association between functional and structural recovery of probenecid and both tonabersat with probenecid 

treatment of the light damaged retina. The current study also showed that both treatments preserved the 

morphology of the retina and choroid and reduced immunoreactivity at the cellular level. However, the 

effect was different as a function of time. The effect of tonabersat alone (as discussed in the previous 

chapter) was better at neuoprotecting the tissue than probenecid alone. Further findings indicated that the 

combination of connexin and pannexin modulator was more effective than probenecid alone at improving 

retinal function, retinal morphology and reducing inflammation up to 2 weeks post light damage. These 

results suggest that blocking connexin hemichannels is needed and is in agreement with our previous study 

that showed that tonabersat alone was able to improve retinal function and preserved the retina layers in 

the light-damaged rats (Kim et al., 2017). 

 

For normal cellular homeostasis, the connexin hemichannels at the cell‟s membrane are normally in a 

closed state and the open state of an undocked hemichannel following a stimuli, whether it be mechanical 

stress, ischemia, inflammation or extracellular calcium changes, leads to cellular damage (Batra et al., 

2012; Goodenough & Paul, 2003; Lopez et al., 2016; Willebrords et al., 2016). The opening of connexin 

hemichannels contributes to activation of purinergic pathways via the enhancement of ATP release (Riteau 

et al., 2012). While traditionally pannexins have been thought to be ATP-release channels, previous 

studies have confirmed that connexin hemichannels have a more imprtant role in pathologies of the eye 

(Guo et al., 2014; Laird, 2006). 

 

Although co-localized in the same organ with connexin, the pannexin contribution to the cellular damage 

is moderate. The activation of pannexin has been shown to contribute to cell death and cell dysfunction 

(Penuela et al., 2007; Penuela et al., 2013). In fact, several studies have revealed that through pannexin 1 

releasing ATP, paracrine functions are enhanced and release further signals for apoptotic cell clearance 

(Huang et al., 2007; Penuela et al., 2013; Sandilos et al., 2012).  However, these studies did not confirm 

the role of hemichannels and attributed major pathological roles to pannexin. So far, pannexin 1 has been 

identified as being a potentially important part of P2X receptor activation via ATP release and by eliciting 

a pannexin mediated immune response, but it was not confirmed to be the only channel. The major 
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breakthrough that motivated this study is the understanding that pannexin activation is not required for 

inflammasome pathway activation (Qu et al., 2011), and thus other mechanisms were potentially playing a 

more significant role in the pathology.  

 

Nevertheless, in the disease, both connexin and pannexin channels are upregulated and lead to DNA 

fragmentation associated with apoptotic mechanisms (Chekeni et al., 2010; Kameritsch et al., 2013). In the 

retina, the exact role of pannexin channels on cellular function as measured by ERGs remains 

controversial. The electroretinogram is a method for demonstrating photoreceptoral and 

postphotoreceptoral functions involving both rod and cone pathways. Like connexin function, the pannexin 

may contribute to the release of ATP associated with an inflammatory reaction and diminish the outer and 

inner retina response (Chekeni et al., 2010). However, specific action of connexin hemichannel blockers 

improved the function of the retina (Guo et al., 2016), thus demonstrating that in vitro as in vitro specific 

modulation of the hemichannels is confering neuroprotection (Chen et al., 2015), overriding any effect of 

pannexin channel mediated ATP release. 

 

Furthermore, a role for both connexin and pannexin channels has been found in ischemia and the  deletion 

of pannexins or inhibition of connexin hemichannels has been proven effective at reducing ischemic brain 

injury and retinal ganglion cell ischemic injury (Bargiotas et al., 2012; Danesh-Meyer et al., 2012; 

Davidson et al., 2015). Based on our current findings, ERGs were improved when either connexin or 

pannexin channels were blocked by pannexin and connexin modulators. In addition to this, the gap26 and 

gap27 mimetic peptides have been shown to inhibit the connexin 43 hemichannels. However, both gap 26 

and gap 27 may  inhibit pannexin 1 channels (Patel et al., 2014). On the other hand, probenecid is selective 

for pannexin 1 and has no effect on connexin hemichannels (Silverman et al., 2008) whilst in another study 

tonabersat it was proposed that it could inhibit Cx26 between glial cells and neurons (Damodaram et al., 

2009).  

 

Even though probenecid alone ameliorated the retina function and morphology, protection was more 

pronnounced in tonabersat with probenecid treated animals, resulting in the best improved inflammation 

control in the light-damaged rats. Another factor is the half-life of pannexin and connexin channels. A 

previous study indicated that Pannexin 1 is projected to have a very long half-life compared to connexin 

half-life indicating that pannexin was not subject to rapid displacement and renewal (Penuela et al., 2013).  
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One indication of the connexin mediator role in pathology is that the current study showed that number of 

the microglia was significantly lower in the probenecid plus tonabersat treated group compared to 

probenecid treatment alone (where connexin channels are still open). In an in vitro ischemia-reperfusion 

study also, about a third of the ATP release was pannexin mediated during the ischemia phase, two thirds 

was through hemichannels, but post-ischemia (reperfusion phase) only connexin hemichannels were 

responsible for ATP release. Furthermore, in a study of ischemia/ reperfusion, probenecid with Cx43MP, 

and probenecid alone had less effect at reducing ATP release compared with CX43MP alone (Bai & Sáez, 

2016).   

 

The immunohistochemistry approach confirmed the presence of activated retinal microglia in the intense 

light damaged model, mimicking early stage AMD.  Microglias are known as the resident macrophage and 

mainly functions to clear cellular debris under pathologic conditions. During cellular insults, this reactive 

microglia migrates to the outer retina (Ma et al., 2012; Madeira et al., 2015). In fact, human AMD post-

mortem tissue has shown microglial migration to the outer nuclear layer and subretinal space (Madeira et 

al., 2015). The findings here have also indicated that GFAP immunoreactivity and Cx43 immunoreactivity 

in the tonabersat and probenecid group was ameliorated. These findings are in parallel with a previous 

study using the Cx43MP. According to (Rutar et al., 2010), inflammation is present in both the retina and 

the choroid following intense light damage suggesting residential microglia/macrophage activation play a 

major role in the process of tissue damage in the light-damaged albino rat model.  

 

In summary, these finding further supports a sequential effect of channel openings but that in the light 

damaged retina benefit are obtained by blocking either or both pannexin channels and connexin 

hemichannels in early phases of the disease. This will be discussed in an overall summary in Chapter 8. 
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Chapter 7: Functional, morphological and histopathological 

characterisation of spontaneously diabetic rats and the outcome of 

connexin modulation 
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7.1 Introduction 

 

In the course of this investigation using Sprague Dawley rats, some rats were found to have high glucose 

levels and retinal defects at the pre-screening stage and were therefore not suitable for the light damage 

experiments. However, selective inbreeding allowed the establishment of a rat colony – termed MSD rats – 

which show high hyperglycaemic levels as early as four weeks of age.  The animals were further 

characterised as described in this chapter and connexin 43 hemichannel block therapy was applied in the 

treatment of this new chronic disease animal model. A short recap of the rationale for these experiments is 

presented below. 

 

Diabetes mellitus (DM) is a common condition that affects the body‟s ability to obtain nutrients from 

blood. It has considerable impact on the human population and there has been a steady increase in DM 

morbidity in developed and developing countries (Scott et al., 2017). DM is a progressive disease 

characterised by elevated levels of blood glucose. In 2014, the World Health Organization (WHO) 

estimated there were 422 million adults suffering from diabetes worldwide compared to 108 million in 

1980. Due to the increasing trend in prevalence rates of DM, the number of diabetics is estimated to reach 

552 million by 2030 unless better prevention and management is implemented (Whiting et al., 2011). The 

disease has considerable global impact on human wellbeing, as well as economic implications due to the 

burden of medical costs (Hoogwerf et al., 2006). 

 

There are two main types of DM: type 1 (T1DM) and type 2 (T2DM). T1DM is an autoimmune condition 

that destroys insulin-making cells in the pancreas. T2DM is the most common form of DM, and normally 

characterised by hyperglycaemia due to insulin resistance and deficiency (Hoogwerf et al., 2006; Olokoba 

et al., 2012). One of the common complications of DM is the development of vascular disease in the eye, 

known as diabetic retinopathy. Vascular damage due to diabetes is one of the major causes of irreversible 

blindness in the world (Nentwich & Ulbig, 2015). DR is asymptomatic but progressive in nature, with 

subtle changes noticed in the periphery of the retina on evaluation of the fundus. DR is the leading cause of 

vision loss in adults aged 20-74 years (Cheung et al., 2010; Lee et al., 2015). This microvascular 

complication of diabetes affects the retina and choroid of the eye and is commonly associated with 

prolonged hyperglycaemia, hypertension, and inflammation (Lee et al., 2015; Mugisho et al., 2017). 

 

DR can be further classified into five phases ranging from mild non-progressive DR up to macula oedema. 

First, microaneurysms develop due to physical weakening of the capillary walls and pericyte loss. The 
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damage generally appears as small dots in OCT images of the retina. Hard exudates later appear as 

proteins leak from blood vessels. In the third stage, intraretinal haemorrhages due to rupture of weakened 

capillaries appear as larger blots. The next stage is the appearance of cotton wool spots that build up due to 

accumulation of debris from poor metabolism at the margins of ischaemic infarcts. Lastly, if the condition 

is not treated, neovascularisation and retinal detachment develop and this is a leading cause of visual 

impairment (Cheung et al., 2010; Wu et al., 2013). Thus, recognising early stages of the disease for early 

diagnosis is important.  

 

Prevention and early intervention are the key steps in controlling prevalence of DR (Wu et al., 2013). In 

order to address the ocular complications of diabetes and provide essential therapeutic solutions, animal 

models play a significant role in studying the disease before clinical studies can be conducted. There are 

several animal models of diabetes, some with ocular complications (Cai & McGinnis, 2016; Olivares et al., 

2017), however they all have drawbacks (discussed further below). This investigation studied the effect of 

early treatments on the progression of DR in a unique rat population that develops early signs of DR four 

weeks after birth. The connexin 43 hemichannel-based therapy we have investigated in animal models of 

retinal degeneration was now applied to the study of a DR model, given that Cx43 is also abnormally 

expressed in diabetic eyes. 

 

Cx43 expression has been studied extensively in various diseases, including diabetic retinopathy in in vitro 

and in vivo models (Mugisho et al., 2017). During a cellular insult, connexin homeostasis is disrupted and 

formation of connexin hemichannels may overwhelm homeostasis in the diabetic retina (Mugisho et al., 

2017; Roy et al., 2017). Since the Cx43 hemichannel is ubiquitously expressed in vasculature including the 

retinal vasculature, Cx43 hemichannels have been targeted as a therapeutic approach to reducing leakage 

due to damaged blood vessels (Danesh-Meyer et al., 2012).  

 

A potential connexin modulator is tonabersat, a molecule that has proven effective in reducing 

pathophysiological conditions such as ischaemia, seizures and retinal damage due to oxidative stress 

(Davidson et al., 2012; Hauge et al., 2009; Kim et al., 2017). The previous chapters in this thesis have also 

reported its protective effect in the light-damaged rat model. In a previous study, a molecule equivalent to 

tonabersat, Cx43 mimetic peptide, was able to reduce vascular leakage in the ischaemia reperfusion 

damage model said to reproduce aspects of DR (Danesh-Meyer et al., 2012). Furthermore, the study also 

confirmed the opening of Cx43 hemichannels as the cause of endothelial cell death, suggesting that these 

Cx43 channels may also be found in diabetic conditions. 
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Several animal models of diabetes and DR have been used in research, including Spontaneously Diabetic 

Torii (SDT), Goto-Kakizaki (GK), Zucker Diabetic Fatty (ZDF), and Otsuka Long-Evans Tokushima Fatty 

(OLETF) rats. While these animals are diabetic, ocular complications may not develop in all of them and 

the animals may be more suitable for non-ocular studies. For instance, GK rats were introduced by 

repetitive breeding for poorest glucose tolerance and have been used widely in the field of beta cell 

dysfunction in type 2 diabetes (Goto et al., 1976; Ostenson & Efendic, 2007). In addition, the onset of 

diabetes and complications seen in the eyes of existing models may not reflect the clinical signs seen in the 

human condition, as shown in Table 7.1. However, the current investigation employed a unique animal 

model showing the clinical signs of early DR.  

 

The animals used in this study were found during normal routine screening of the eyes of animals pre-

experimentation. Individual rats showing retinal defects were recognised and isolated. These rats had 

spontaneously developed abnormalities in their eyes characteristic of early DR and tests showed that they 

were hyperglycaemic. These rats were introduced into an inbreeding program to preserve the genetic 

factors contributing to this abnormality.  In the present study, this new spontaneous diabetic rat was used 

as a model in which to trial Cx43 therapy. The physiology of the retina in the animal model, the function, 

and the morphology of the tissue were described as a function of connexin modulation. The aim of the 

research described in this chapter was to determine the potential therapeutic effect of tonabersat for 

reducing early signs of retinal damage in the spontaneous diabetic rat model of DR. Its effect on the 

expression of the target and inflammation was studied. 



175 
 

 

Table 7.1: Spontaneous diabetes reported in rats 

Spontaneous 

Model 

Type Onset 

of 

diabetes 

Cause of 

diabetes 

Abnormalities in the 

retina 

References 

Biobreeding 

rats (BB) 

1 2-5 

months 

Pancreatic β-

cells 

destroyed 

-pericyte to endothelial cell 

ratio reduced  

-capillary degeneration 

-No neovascularisation up 

to 11 months 

(Sima et al., 

1983) 

(Sima & 

Chakrabarti, 

1992) 

Goto 

Kakizaki rats 

2 1-2 

months 

Glucose 

intolerance 

with selective 

inbreeding  

-increased EC: pericyte 

ratio 

-reduced retinal segmental 

blood flow 

(Miyamoto et 

al., 1996) 

(Akash et al., 

2013) 

(Wang et al., 

2014) 

Kob rats 2 9-25 

months 

Endo-exocrine 

pancreatic 

insufficiency 

-acellular capillaries 

-thicker capillary BM 

-thickness of ONL reduced 

at 5 months 

-reduced number of 

capillaries 

(Bhutto et al., 

1999) 

(Mori et al., 

1992) 

(Tsuji et al., 

2001) 

Otsuka Long 

Evan 

Tokushima 

Fatty 

(OLETF) rats 

2 4-5 

months 

inherited 

obesity 

-pericyte loss 

-microaneurysm 

-tortuosity 

-loop formation of 

capillaries 

-thicker capillary BM 

(Lu et al., 

2003) 

(Miyamura et 

al., 1999) 

Torri rats 2 5-6 

months 

Inbreeding 

after glucose 

intolerance 

 

-tractional retinal 

detachments 

-retinal neovascularisation 

-proliferative retinopathy 

(Sasase et al., 

2013) 

Zucker 

Diabetic 

Fatty (ZDF) 

rats 

2 1-2 

months 

Inherited 

obesity gene 

mutation led 

to glucose 

intolerance 

and insulin 

resistance 

-pericyte loss 

-acellular capillaries 

-thicker capillary BM 

-apoptosis of endothelial 

cells and pericytes 

(Yokoi et al., 

2013) 

(Shiota & 

Printz, 2012) 
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7.2 Material and Methods 

 

7.2.1 Animal and experimental design  

 

This study involved comparison between adult SD rats and a novel MSD rat model discovered during 

routine ocular assessment of animals at the Vernon Jenson Unit, the University of Auckland. All animal 

procedures were approved by the University of Auckland Animal Ethics Committee, approval number 

AEC1462. 

 

Inbreeding of spontaneously hyperglycaemic MSD rats was conducted for three generations. The rats were 

screened and abnormalities in the structure and function of the eye detected among rats from the three 

generations. Twenty rats were used in this screening study (age 4–8 weeks, 100-225 g), excluding MSD 

breeders. Based on the outcome of the screening, 10 MSD rats were used in the connexin modulation 

experiments and the other animals kept for the inbreeding program. MSD rats do not show the signs of 

obesity that characterise other diabetic models. On the contrary, affected individuals have low weight, high 

glucose levels and ocular abnormalities.  

 

 

7.2.2 Average weight and blood glucose level 

 

Body weight and blood glucose level were monitored following previously published protocols (Cheng et 

al., 2013). Measurement of body weight was performed daily in the morning (9 am) using Sartorius lab 

balances (Sartorius AG, Germany). The data are shown in Table 7.2. Blood glucose levels were measured 

in non-fasting animals (Lee et al., 2003). The blood glucose levels were assessed using a blood glucose 

meter (Freestyle Optium H Glucometer, UK) and glucose strips (FreeStyle Optium, UK). 

 

 

7.2.3 Electroretinograms 

 

Retinal function was measured by ERG as described in Chapter 2. The equipment was used under identical 

conditions to those described earlier. For this investigation, however, no light damage procedures were 

applied.  The untreated animal were used for collection of ERG data pre-treatment and then following 

intervention procedures. Briefly, the animals were anaesthetised and ERGs recorded using light stimulus 
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elicited by twin-flashes via a Ganzfeld sphere. Waveforms for a-waves and b-waves were recorded and 

analysed using the Michaelis-Menten function. Oscillatory potentials (OPs) were collected using 2.1 log 

cd.s/m
2
 light intensity. Data were collected at 24 hours, 1 week and 2 weeks post-intervention.  

 

 

7.2.4 Slit lamp biomicroscopy 

 

Assessment of the anterior and posterior segment included evaluation of the cornea, iris and lens. A 

Micron IV slit-lamp biomicroscopy attachment was used to visualise the anterior segment of the eye 

following a standardised optometric testing protocol. Photographs were taken during assessment using 

Streampix 6 software. The test included checking for neovascularisation of the iris, cloudiness of the lens, 

and anterior segment scars. 

 

 

7.2.5  Fundus imaging and optical coherence tomography 

 

OCT and fundus images were taken to evaluate retinal structure using the standard procedures described in 

Chapter 2.  The eye was imaged at 4 weeks of age, and any retinal abnormalities developing post-treatment 

and in placebo-treated eyes were recorded from week 5 to week 7. 

 

 

7.2.6  Oral tonabersat delivery 

 

Tonabersat mixed with peanut butter was administered orally (voluntarily) at a concentration of 0.28 

mg/kg/daily for 2 weeks. This lowest concetration of tonabersat was identified as able to protect the retina 

and choroid in the study described Chapter 5. The exclusion criterion was non-eating compliance, as 

indentified by residual peanut butter left in the cages. Accordingly, animals that did not eat the peanut 

butter during pre-treatment vehicle familiarisation were not included in the study.  
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7.2.7 Animal tissue collection and processing  

 

After the final ERG recording, rats were deeply anesthaetised before tissue collection and processing as 

described in Chapter 2. Histopathological analysis of the pancreas from some rats was conducted by Dr 

Shiva Reedy (University of Auckland). Signs of insulin resistance and tumorogenic damage were seen, 

suggesting these as the causes of the hyperglycaemia in this strain. 

 

 

7.2.8 Immunohistochemical labelling of tissue sections  

 

Immunohistochemical labelling was conducted using the indirect immunofluorescence technique, as 

described in Chapter 2. The tissues were immunolabelled with primary antibodies, namely rabbit anti-

Cx43, mouse anti-CD45 and mouse anti-GFAP antibodies and incubated overnight at room temperature.  

 

 

7.2.9 Statistical analysis  

 

Graphing and statistical analyses were performed using GraphPad Prism 9, as described in Chapter 2. 

Statistical analysis of samples used two-way ANOVA with paired t-test and unpaired t-test. 

 

 

7.3  Results 

 

7.3.1 Average animal weight and blood glucose level 

 

The weights of the MSD and SD rats were calculated at several time points post-eye opening. The results 

for body weight are presented in Table 7.2. Although the weights of animals from the two strains were 

indistinguishable at birth, after weaning at 4 weeks, MSD rats were thinner and smaller than control SD 

rats. Interestingly, the changes in body weight noticed at 4 weeks of age in MSD rats were associated with 

hyperglycaemia. All MSD rats included in this investigation had glucose levels between 14 to 21 mmol/L, 

compared with normal SD rats with values in the range 5.5 to 6.8 mmol/L (Table 7.3). 
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Table 7.2: Body weight of each individual (in grams) measured at week 4, week 6 and week 8. Values are mean ± SEM for the 10 rats in each 

group. Statistical significance after paired t-test analysis is indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. Abbreviations: F1, first 

generation; F2, second generation; F3, third generation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group 4 weeks 6 weeks 8 weeks 

Normal SD 185 ± 1.1 198.2 ± 0.8 217.5 ± 1.3 

MSD 172.5 ± 2.5 *** 179.6 ± 2.1*** 183.1 ± 1.8*** 

MSD 4 weeks 6 weeks 8 weeks Normal SD 4 weeks 6 weeks 8 weeks 

Rat 1 (F1) 159.64 164.24 171.24 Rat 1 180 199.45 215.34 

Rat 2 (F1) 164.43 172.1 173.54 Rat 2 181.3 201.32 216.43 

Rat 1 (F2) 176.3 179.5 183.45 Rat 3 183.5 200.13 211.34 

Rat 2 (F2) 181.3 185.3 187.5 Rat 4 189.45 196.23 219.23 

Rat 3 (F2) 176.32 179.45 183.4 Rat 5 185.65 196.34 222.34 

Rat 4 (F2) 161.32 186.3 189.56 Rat 6 185.3 197.34 221.4 

Rat 5 (F2) 183.1 180.35 184.2 Rat 7 184.2 195.23 209.45 

Rat 1 (F3) 177.13 181.54 185.23 Rat 8 184.6 194.6 219.42 

Rat 2 (F3) 174.4 184.2 187.4 Rat 9 184.1 200.12 220.42 

Rat 3 (F3) 171.3 183.23 185.3 Rat 10 192.3 201.34 219.45 



180 
 

Table 7.3: Measurement of blood glucose levels in MSD and normal SD rats. Values are mean ± SEM (n = 10 for each group). The 

hyperglycaemic MSD strain included males and females with non-fasting blood glucose levels of 14 to 21 mmol/L. Statistical significance was 

tested using a paired t-test (*p < 0.05; **p < 0.01; ***p <0.001). 

MSD Blood glucose level @4 

weeks 

MSD Blood glucose level 

@ 6 weeks 

MSD Blood glucose level @ 8 

weeks 

16.85 ± 0.63*** 15.43 ± 0.79*** 16.54 ± 0.65*** 

MSD 4 weeks 6 weeks 8 weeks Normal 

SD 

4 weeks 6 weeks 8 weeks 

Rat 1 (F1) 17 16.6 17.6 Rat 1 6.5 5.5 6.5 

Rat 2 (F1) 16 13.6 14.6 Rat 2 7 6.7 5.7 

Rat 1 (F2) 15.7 12.1 15.1 Rat 3 6 5.6 5.9 

Rat 2 (F2) 17.4 15.7 17.7 Rat 4 5.9 4.9 5 

Rat 3 (F2) 21.1 20 20.6 Rat 5 6 5.6 6 

Rat 4 (F2) 18.1 17.4 17 Rat 6 7 5.1 5.3 

Rat 5 (F2) 14 13.6 13.4 Rat 7 5.6 5.1 5.9 

Rat 1 (F3) 17.6 17.9 17 Rat 8 6.8 6.2 7 

Rat 2 (F3) 14.6 13 15 Rat 9 7 6.3 7 

Rat 3 (F3) 17 14.4 17.4 Rat 10 5.9 5.7 7.4 
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7.3.2 Anterior segment imaging 

 

The slit-lamp examination of the anterior eye segments of both MSD and SD rats showed no obvious 

differences between the groups with respect to structure and appearance of the cornea, iris and lens (Figure 

7.1). In particular, there were no signs of diabetic cataract or neovascularisation in the iris of MSD rats. 

Notably, the cornea of both MSD and SD rats showed signs of superficial abrasions, which are common in 

these animals because of the bedding material used in the cages. Finally, average recorded intraocular 

pressure showed no difference between the MSD and SD rats (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Comparison of anterior segment appearance in MSD and normal SD rats. An SD rat cornea 

(A) and closer look at the cornea and iris vasculature in the MSD rat (B) visualised using Micron IV slip-

lamp bio-miscoscopy. There was clear lens in both normal SD (C) and MSD rats (D), with an absence of 

cataract.  
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7.3.3 Retinal imaging 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 7.2: Fundus images (A) and OCT images (B-D) from normal SD rats (first column), and MSD rats 

with microaneurysms (second column) and macroaneurysms (third column) seen in seven areas of the 

superior and inferior retina. 
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To determine whether hyperglycaemic status resulted in ocular changes, retinal imaging was conducted in 

the SD and MSD rats. The fundus images of the MSD rats showed no significant changes in the retina 

compared with control SD rats (Figure 7.2). We reasoned that as the MSD and normal SD rats were 

genetically albino, the lack of pigmentation prevented clear visualisation of haemorrhages or exudates that 

would normally be visible in pigmented animal models. However, OCT provided more detail of the retina 

and its layers. Figure 7.2 shows the retinal layers and choroid morphology in normal SD and MSD rats. 

The posterior segment was thoroughly scanned using OCT to search for areas of abnormality. 

Consistently, MSD rats showed small hyperreflective changes in the retinal layers. On average 5–8 

hyperreflective areas per eye were found in MSD rats, but none in SD rats. Hyperreflective spots or dots 

were consistently seen in the central and peripheral retina. These could be interpreted as microaneurysms 

and macroaneurysms as they were specific to the INL and ONL. The microaneurysms were between 20 to 

30 µm diameter, and the macroaneurysms between 140 to 160 µm in diameter.  Whilst the OCT scanning 

protocol allowed detection of approximately 5–8 abnormalities per eye, it is likely that more were present 

in areas not included in the analyses.  

 

To confirm that these were not eccentricity related changes, seven images were acquired at fixed distances 

from the optic nerve head. The quantification of retinal thickness revealed that the INL and ONL layers of 

the MSD retina were not significantly different from normal SD rats. Furthermore, the thickness of the 

choroid layer was not significantly different compared with normal SD rats (Figure 7.3).  
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Figure 7.3: Posterior segment imaging of normal SD, MSD rats with microaneurysms and MSD rats with macroaneurysms. The 

first row of images are representative of the fundus and OCT images obtained in SD rats. The middle row of images are 

representative of the MSD rats with microaneurysms visible, and the last row shows a representative MSD retina with 

macroaneurysms. The thickness of the INL, ONL, and choroid were measured and are represented in the graphs. Abbreviations: 

INL, inner nuclear layer; ONL, outer nuclear layer. Data are expressed as mean ± SEM. No significant differences were detected 

for the comparisons between the groups. 
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7.3.4 Retinal function in MSD rats assessed using electroretinography 

 

To determine whether the macroaneurysms and microaneurisms affected retinal function, 5 week-old MSD 

rats were compared with age-matched SD rats. Representative mixed ERG waveforms for MSD and 

normal SD rats are shown in Figure 7.4. The average a-wave and b-wave amplitude and implicit time from 

the ERG recordings for MSD and normal SD rats were also calculated. Overall, a significant difference 

was observed in MSD rats compared with SD rats. The average mixed a-wave amplitude was slightly 

larger in normal SD rats at selected intensities and was significantly larger at intensities 0.1-2.1 log cd.s/m
2
 

(p < 0.01), measuring 600 µV at the highest intensity (Figure 7.4 B). The average mixed b-wave amplitude 

was larger in normal SD rats at most intensities, with significantly increased values obtained at intensities 

3.9-2.1 log cd.s/m
2
 (p < 0.01), again measuring approximately 600 µV at the highest intensity (Figure 7.4 

D). The average implicit times for the a-waves and b-waves did not show any differences between MSD 

and normal SD rats (Figure 7.4 C, E). 
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Figure 7.4: Comparison of ERG measurements between MSD and normal SD rats. Representative mixed 

ERG waveforms at selected intensities -1.9, 1.6 and 2.1 log cd.s/m
2
 (A). The average a-wave and b-wave 

amplitudes and implicit times from ERG recordings for MSD and normal SD (B) rats. Average mixed b-

wave amplitude was larger in normal SD rats at most intensities and significantly increased at all 

intensities (D). The average a-wave implicit time (C) and b-wave implicit time (E) showed no difference 

between the groups. All data are expressed as mean ± SEM. Statistical analysis was performed using a 

two-way ANOVA and a Bonferroni post-hoc test. Significance is indicated with asterisks: *p < 0.05; **p < 

0.01; ***p <0.001. 

 

Further analysis of MSD and normal SD rats revealed that the isolated rod PIII, PII and cone PII responses 

were also different (Figure 7.5). The amplitude of rod PIII was slightly higher in normal SD compared to 

MSD rats (p < 0.01) (Figure 7.5A). Moreover, rod PIII sensitivity showed a marginal increase but this was 

not significant (Figure 7.5B). Rod PII amplitude was significantly higher in normal SD compared to MSD 

rats (p < 0.001) (Figure 7.5C). Rod implicit time showed no difference (Figure 7.5D). 
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Figure 7.5: Rod PIII and PII ERG readings in MSD and normal SD rats. The amplitude of rod PIII was 

slightly higher in normal SD compared to MSD rats (p < 0.01) (A). Rod PIII sensitivity (B). Rod PII 

amplitude (C). Rod implicit time (D). All data are expressed as mean ± SEM. Statistical analysis was 

performed using an unpaired t-test with a Welch‟s correction.  

 

There was a significant difference for cone PII amplitude between MSD and normal SD rats (p < 0.001) 

(Figure 7.6A). However, the difference in cone implicit time was not statistically significant between the 

groups (Figure 7.6B). Summed OP amplitude showed a significant difference between MSD and normal 

SD rats (p < 0.001) (Figure 7.7A). However, summed OP implicit time showed non-significant differences 

(Figure 7.7B).  
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Figure 7.6: The cone PII amplitude and cone PII implicit time from the ERGs for MSD and normal SD 

rats. The MSD rats showed a significant decrease in cone PII amplitude (A). Cone PII implicit time was no 

different (B). All data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired 

t-test with a Welch‟s correction.  

 

 

 

 

 

 

 

 

Figure 7.7: Summed OP amplitude and implicit time from the ERGs for MSD and normal SD rats. The 

MSD group showed significantly decreased summed OP amplitude (A). Summed OP implicit time was no 

different (B). All data are expressed as mean ± SEM. Statistical analysis was performed using an unpaired 

t-test with a Welch‟s correction 

 

 

7.3.5 Inflammation in the retina in MSD rats 

 

One of the novel findings reported by members of Auckland University‟s Connexin Biology Laboratory in 

the Cell and Molecular Biology of the Retina group (Mugisho et al., 2017, and in further unpublished 

results) is that inflammation is an early factor in the diabetic retina. Therefore, MSD rats in this study were 

screened for markers of inflammation using immunohistochemical techniques. GFAP labelling was used to 

    A                   B 

    A                   B 



189 
 

detect gliosis or Müller cell hyperreactivity. GFAP labelling revealed intense immunoreactivity in 

astrocytes and Müller cells in the MSD rats (Figure 7.8 D). The increased GFAP reactivity was detected 

extending from the nerve fibre layer to the ONL in MSD rats (Figure 7.8 D).  

 

Immunolabelling for reactive microglia using Iba-1 showed that microglia were activated in the inner 

retinal layers, where cells with big soma and numerous elongated branches characteristic of activated 

microglia cells were seen (Figure 7.8 G). In comparison, normal SD rats immunolabelled as controls in 

previous chapters never showed this level of activation. The immunohistochemical labelling also 

confirmed that Cx43 was expressed in the diabetic animals. Expression was abnormally high in the nerve 

fibre layer and ganglion cell layer in MSD rats, as confirmed by the immunohistochemical labelling 

(Figure 7.8 J). 
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Figure 7.8: Representative images from funduscopy, OCT and immunohistochemical labelling of 

untreated MSD tissues. Hyperreflective changes can be seen in the OCT images despite normal 

funduscopy (A-B). High GFAP immunoreactivity in the retina of MSD rats (D). Iba-1 immunoreactivity 

was increased in the the untreated MSD (E & G) rats, and high Cx43 expression was seen in the ganglion 

cell layer (J).  Scale bar: 100 μm. 

 

 

 

F        DAPI G      Iba-1
  

H  Merged 

I        DAPI J        Cx43 K  Merged 



191 
 

 

7.3.6 Treatment of MSD rats with tonabersat and effect on morphology of the retina 

 

Having observed significant signs of retinal damage in the hyperglycaemic MSD rats at five weeks of age 

that persisted at least until eight weeks, and given that this animal model has the signs typical of diabetic 

retinopathy, we then applied a therapy proposed as treatment for the diabetic eye. At five weeks of age, 

animals that were hyperglycaemic, had retinal damage and complied with the pre-treatment (peanut butter 

eaters) were given oral tonabersat for 2 weeks. Follow-up measurements were performed each week.  

 

After the MSD rats were treated with tonabersat, no significant differences in body weight and blood 

glucose level were detected compared with untreated MSD rats. However, treated MSD rats showed a very 

noticeable regression in the size of microaneurysms, as seen in Figure 7.9. Identical images obtained at 

exactly the same eccentricity were compared before treatment and after treatment. There was reduction in 

microaneurysm and macroaneurysm sizes. The quantification of retinal thickness revealed that the INL, 

ONL and choroid layer of the MSD retina were not significantly different from pre-treatment. 
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Figure 7.9: Representative OCT images in MSD rats with microaneurysms before and after administration of tonabersat (n=10). The thickness 

of the INL (D), ONL (E) and choroid (F) were measured. Abbreviations: INL, inner nuclear layer; ONL, outer nuclear layer. Data are expressed 

as mean ± SEM.  
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7.3.7 Effect of tonabersat treatment on the electroretinogram 

 

Further analysis revealed that treated MSD rats had significantly improved a-wave and b-wave ERG 

functions such that they were now comparable to normal SD rats (Figure 7.10). The average mixed a-wave 

amplitude was slightly larger post-treatment at selected intensities, with a significant increase seen at 

intensities 0.1-2.1 log cd.s/m
2
 (p < 0.01) (Figure 7.10 A). The average mixed b-wave amplitude was larger in 

MSD rats post-treatment and was significantly increased at all intensities (p < 0.01) (Figure 7.10 C).   

However, the average implicit times of the a-wave and b-wave were not different pre- and post-treatment 

(Figure 7.10 B, D). Further analysis of the ERG responses showed that tonabersat-treated MSD rats had 

significantly increased PIII and PII amplitudes (Figure 7.11). Specifically, the change in amplitude for rod 

PIII was significant in MSD rats post-tonabersat treatment (p < 0.001) (Figure 7.11 A). Rod PIII amplitude 

was not different (Figure 7.11B). Rod PII amplitude was significantly higher in MSD rats post-treatment with 

tonabersat (p < 0.001) (Figure 7.10 C). Rod implicit time was not different (Figure 7.11 D). Post-treatment, 

MSD rats showed a significantly increased cone PII amplitude (p < 0.01) (Figure 7.11 E), but cone PII 

implicit time showed no difference (Figure 7.11 F). Moreover, the OP analysis (Figure 7.12), showed that 

MSD treated rats had significantly increased summed OP amplitude (p < 0.01) (Figure 7.12 A), but summed 

OP implicit time was not different post-treatment (Figure 7.12 B). 
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Figure 7.10: The average a-wave and b-wave amplitudes and implicit times from the ERGs of MSD rats pre- 

and post-treatment with tonabersat. The average mixed a-wave amplitude (A), average mixed b-wave 

amplitude (C), a-wave implicit time (B) and b-wave implicit time (D). All data are expressed as mean ± 

SEM. Statistical analysis was performed using a two-way ANOVA and a Bonferroni post-hoc test. 

Significant findings are indicated with asterisks: *p < 0.05; **p < 0.01; ***p <0.001. 
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Figure 7.11: The rod PIII, PII and cone PII amplitudes and implicit times in MSD rats pre- and post-

treatment with tonabersat. Rod PIII amplitude was significantly greater in MSD rats post-treatment with 

tonabersat (A). Rod PIII sensitivity showed a marginal decrease, with no significant differences seen post-

treatment (B). Rod PII amplitude was significantly higher in MSD rats post-treatment with tonabersat (C). 

Rod PII implicit time showed no significant differences (D). Post-treatment there was a significant increase 

in cone PII amplitude (E). Cone PII implicit time showed no significant differences (F). All data are 

expressed as mean ± SEM. Statistical analysis was performed using an unpaired t-test with a Welch‟s 

correction.  
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Figure 7.12: The summed OP amplitude and implicit time in MSD rats pre- and post-treatment with 

tonabersat. Tonabersat treatment caused a significant increase in summed OP amplitude (A). Summed OP 

implicit time showed no significant difference (B). All data are expressed as mean ± SEM. Statistical 

analysis was performed using an unpaired t-test with a Welch‟s correction. 

 

 

7.3.8 Effect of tonabersat on molecular markers of inflammation   

 

Compared with untreated MSD rats (Figure 7.8 B-C), tonabersat treatment caused a reduction in GFAP 

immunoreactivity in astrocytes and Müller cells (Figure 7.13 D). Iba-1 was used as the marker for resident 

macrophages and microglia. The results indicate that microglias were activated in the inner retinal layers 

(Figure 7.8 G) in untreated MSD rats. In comparison, MSD rats treated with tonabersat (Figure 7.13 A) 

showed normal Iba-1 labelling, where the cells were in a resting state with short branches and smaller size. 

Furthermore, Cx43 labelling of MSD rats treated with tonabersat showed lower expression of the connexin in 

the retina (Figure 7.13 B) compared with MSD rats that were not treated (Figure 7.8 J). The quantification 

analysis revealed a significant decrease in GFAP and Cx43 in the MSD rats after tonabersat treatment 

compared with untreated MSD rats (p < 0.001) (Figure 7.14 A-B). Quantification of the number of Iba-1 

positive cells revealed a significantly reduced number of active microglia in the tonabersat-treated MSD 

group compared with untreated MSD rats (p < 0.001) (Figure 7.14C). 

 

 

 

 

A             B    



197 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: Immunohistochemical labelling of tissues from untreated and treated MSD rats. High GFAP immunoreactivity in the retina of 

MSD rats (B-C) compared to normal SD rats with no hyperreactivity (A), and the effect of tonabersat treatment on MSD rats (D). Scale bar: 100 

μm. 
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Figure 7.14: Immunohistochemical labelling of treated tissues from MSD rats. Iba-1 labelling in MSD rats treated with tonabersat showed low 

immunoreactivity in the retina (A). Cx43 immunoreactivity was reduced in treated MSD rats (B). Scale bar: 50 μm. 
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Figure 7.15: Quantification of GFAP immunoreactivity (A), Cx43 expression (B) and mean number of Iba-1 

positive cells (C) in the normal SD, untreated MSD, and tonabersat-treated MSD groups. Analysis revealed a 

significant decrease in GFAP and Cx43 in the MSD with tonabersat treatment group compared with 

untreated MSD rats (A-B). Counting the Iba-1 positive cells revealed a significantly reduced number of 

active microglia in the tonabersat-treated MSD group compared with untreated MSD rats (C). Statistical 

analysis was conducted using one-way ANOVA, followed by Tukey's multiple comparisons test. Significant 

values in comparison with results from the untreated group are indicated with asterisks: *p < 0.05; **p < 

0.01; ***p <0.001. 
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7.4 Discussion 

 

Diabetes has been associated with detrimental effects to the macrovasculature of the body, and also the small 

blood vessels in the eye. Abnormalities in the retinal blood vessels are seen in the early stages of the disease 

known as non-proliferative diabetic retinopathy (DR). At this stage there is blood vessel swelling or 

microaneurysms, and there may be leakage of blood or fluid known as exudates. In humans, this abnormality 

is detected in OCT images where they appear as hyperreflective spots in the retina. These signs are strongly 

indicative of diabetic eyes even without clinically detectable retinopathy (Turgut & Yildirim, 2015; 

Vujosevic et al., 2013). 

 

Inflammation is one of the main factors leading to the abnormalities seen in DR, and various studies and 

clinical findings have confirmed inflammation as an underlying cause of DR (Tang & Kern, 2011). The 

leakage of blood from vessels as a consequence of inflammation is strongly associated with uncontrolled 

upregulation of Cx43 hemichannel opening (Danesh-Meyer et al., 2012; Zhang et al., 2014). The blood 

vessel damage and loss of vascular integrity are due to homeostatic imbalance in which Cx43 hemichannel 

opening is indicated. Down-regulation or blocking of Cx43 hemichannels has been shown beneficial in a 

number of disease studies, including for brain lesions, ischaemia, glaucoma, chronic pain and spinal cord 

injury (Contreras et al., 2004; Davidson et al., 2014; Davidson et al., 2012; Kim et al., 2017; Mao et al., 

2017; Mugisho et al., 2017; O'Carroll et al., 2008; Tonkin et al., 2014). 

 

This study was set up with the aim of assessing a potential new model of diabetic retinopathy for 

investigating the effect of the connexin hemichannel targeting therapy. The animal model was characterised 

using conventional structural and functional techniques before intervention experiments with tonabersat were 

performed. We found that the hyperglycaemic MSD rats have similar ocular characteristics and structural 

changes as those seen in other animal models of early DR (Wang et al., 2013). While no major structural 

damage to the retina was seen, the function of the MSD rat retina was reduced. Diabetic rat studies have 

reported a decrease in ERG response, with lower a-wave and b-wave readings and and delayed oscillatory 

potentials compared to control animals due to neuronal dysfunction (Aung et al., 2013; Kur et al., 2016). Our 

analysis of the ERG response in MSD rats fits well with the understanding of functional loss in the early 

stages of the diabetic condition. In another study, the a-wave and b-wave amplitudes in the ERGs of GK 

diabetic rats were reduced in animals between 4 and 48 weeks of age (Matsubara et al., 2006), and ERG a-

wave loss was identified as a major feature in neuronal dysfunction (Matsubara et al., 2006). Similarly in our 
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study, the ERG a-wave mixed response in MSD rats was decreased compared with SD control rats. However, 

the b-wave response was comparatively substantially different. This finding indicates that photoreceptor 

response was compromised, but inner retinal activity – as measured by post-photoreceptoral response – 

diminished more markedly in parallel with the progression of vasculature damage.  

 

While studies have suggested that a decrease in ERG amplitude is associated with retinal thinning (Fischer et 

al., 2009), there were no significant differences in retinal thickness in MSD rats compared with normal SD 

rats. The functional changes are thus early indicators of impending degeneration, given that the retinal 

thinning that is is a terminal indicator of cell death was not observed in the MSD diabetic animal model. 

Previous studies in the Kob animal model reported significant retinal thinning and disorganisation of the cells 

in the retinal ganglion cell layer, and a reduced number of astrocytes and processes. Furthermore, in the Kob 

rat type 2 diabetes model, the ONL and INL were also reduced in thickness at five months of age, with 

prominent Müller cell reactivity and few intraretinal blood vessels (Lai & Lo, 2013). Our analysis of the 

MSD retina did not show significant structural alterations in the anterior or posterior segment. Signs of 

pathology were mild, with hyperreflective areas seen in the OCT scans but no neuronal degeneration. One 

possibility is that MSD rats are still in the early stages of disease development, or do not show progressive 

pathological changes with age. In comparison, other spontaneous diabetes rat models show different stages of 

DR during their lifespan (Robinson et al., 2012), while in the MSD rat hyperglycaemia causes early 

dysfunction of the retina before degeneration is detectable.  

 

To confirm that the hyperreflective changes seen in the OCT images were true pathology, we analysed retinal 

sections from areas close to the microaneurysms. In the immunohistochemical analysis of the MSD rats, high 

expression of GFAP, a glial stress marker, was detected. This finding is similar to previous results for 

another spontaneous diabetic rat, the diabetic Torii rat, where GFAP expression was confined to the Müller 

cells and astrocytes (Barber et al., 2000). In addition, the immunoreactivity of GFAP found in MSD rats is an 

indicator of retinal stress (Barber et al., 2000; Kanamori et al., 2005). The previous study using Torii rats 

provided evidence that this glial activation is associated with neurodegeneration as a result of the 

development of diabetes (Barber et al., 2000).  

 

Moreover, Iba-1 immunolabelling in MSD rats showed microglial accumulation in the subretinal space in 

greater numbers than in normal SD rats. Iba-1 is a marker of microglia in the retina and enables these cell‟s 

morphology to be assessed, as well as changes in numbers during cellular insult or retinal degeneration (Ling 
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& Wong, 1993; Perry & Gordon, 1988). Normally, microglias reside in the inner part of the retina and 

adjacent to blood vessels.  However during degeneration, microglia become activated and migrates to the 

subretinal space, or area of damage. It is proposed that microglial trafficking releases cytokines that 

contribute to neuronal cell death in the retina (Omri et al., 2011). For instance, during activation, microglia 

release proteases and proinflammatory cytokines. Furthermore, the activation of NMDA receptors in 

microglia leads to NO mediated excitotoxicity (Eyo et al., 2014). NMDA receptor activation causes an 

increase in calcium ion levels in the cells and activates enyzmes such as phospholipases and proteases. These 

enzymes induce damage to the membrane and DNA of cells. Microglia/macrophages have been detected in 

the subretinal space in Goto-Kakizaki rats during hyperglycaemia (Omri et al., 2011). Our findings showing 

higher activity of microglia in the subretinal space and around macroaneurisyms fit well with previous 

studies indicating that it is not only hyperglycaemia but also an inflammatory reaction that triggers damage 

during early development of DR in the retina. Moreover, hyperreflective spots are strongly linked with 

activated microglia in DR (Vujosevic et al., 2013), and changes in retinal function detected by ERG in 

diabetic conditions are suggested to be a result of microglial transformation from inactive to active (Omri et 

al., 2011).  

 

The findings in this study also confirm that Cx43 hemichannels are a hallmark of this retinal disease in 

humans and in diabetic animal models (Kur et al., 2016). Other connexin molecules have been suggested to 

play a role in the disease too. For example, in a diabetic animal model induced by injection of STZ, there was 

loss of Cx40 and Cx37 but not Cx43. Cx43 was in fact upregulated, suggesting that it is potentially the factor 

that spreads the injury by causing an imbalance in homeostasis during hyperglycaemia (Makino et al., 2008). 

In the tonabersat-treated MSD rats in our study, there was less labelling of Cx43 protein, indicating that the 

treatment was able to reduce inflammation and the severity of damage associated with hyperglycaemia and 

inflammation. 

 

In the study described in this chapter, tonabersat was trialled as a therapy to combat the inflammation and 

vascular changes seen in the MSD rats. We know that activation of connexins to form hemichannels 

contributes to purinergic pathways by enhancing release of ATP (Stout et al., 2002). Accumulation of ATP 

triggers purinergic signalling and activation of inflammasome pathways (Mugisho et al., 2018). In the MSD 

rat, labelling with Cx43 showed increased expression of the molecule in blood vessels, indicating the 

possibiltity of high activation of Cx43 hemichannels. Further investigation of DR rats and their early signs is 

strongly needed. In summary, animal models of early DR such as the MSD rat are important to providing an 
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overview of underlying pathophysiology, and tonabersat can be considered a potential treatment for early 

signs of DR. 
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Chapter 8: Discussion and Conclusions 
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8.1  Limitations of the current study and recommendations for future directions 

 

The damage in the light-damaged rat model starts as early as two hours after the onset of bright light, and is 

followed by extreme retinal changes resulting in photoreceptor loss and loss of retinal integrity that extends 

for 60 days or more (Marc et al., 2008; Stone et al., 1999).  The next step is to determine how late it is 

possible to intervene and still see improved outcomes. 

 

A second aim is to further understand how connexin and pannexin channels interact to trigger and maintain 

the degeneration process. Both connexin hemichannels and pannexin channels have been associated with 

activating ATP efflux, thereby triggering the caspase pathway that enhances programmed cell death 

(Kurtenbach et al., 2014). Further in vitro studies have indicated that ATP release from connexin 

hemichannels is 1.5 times higher than for pannexin channels (Kim et al., 2017). Cx43 can be visualised 

immunohistochemically and is known to be upregulated with injury or disease. We have shown that Cx43MP 

and tonabersat target Cx43 hemichannel opening, but this study did not follow pannexin channel expression. 

The relationship between pannexin and connexin expression and their respective channel functions is a 

priority for future research in the light-damaged rat model, as the sequence and respective connexin 

hemichannel and pannexin channel roles in the disease pathology remain unclear. Since the effect of 

blocking the channel types separately was found to add up to more than the combined effect, there has to be 

an as yet unexplained link between the functioning of these channels; they are not operating independently.   

 

Finally, further investigation into various concentrations of pannexin and connexin modulators and dose 

response curves could provide more information on protection mechanisms in the light-damaged rat. 

Investigation of the pharmacodynamics and pharmacokinetics of these channels blockers as treatments for 

retinal disease would be beneficial.  
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8.2  Summary of findings 

 

This thesis has investigated the effect of Cx43 hemichannel targeting therapies on the light-damaged albino 

rat model, an animal model of the inflammation and oxidative components of AMD. Three methods of drug 

delivery, intravitreal, intraperitoneal and oral, were assessed using three Cx43 hemichannel targeting 

intervention procedures, and compared with and in combination with a pannexin channel modulator. The 

function, morphology and histology of the tissues was examined using electroretinograms, optical coherence 

tomography and immunohistochemical analysis.  

 

Overall, intervention in light-damaged rats with Cx43MP, Cx43MP-NPs and tonabersat to target connexin43 

hemichannels, and the pannexin channel modulator probenecid, preserved the function and morphology of 

the retina, and reduced inflammation. Blocking these two channels conferred neuroprotection, however 

subtle distinctions were seen when the data was compared with the normal ERG values from SD rats.  

 

This discussion now focuses on the comparative effects of the trialled drugs on the ERG outputs. In general, 

the a-wave of the ERG reflects the rod and cone photoreceptor response in the outer retina, while the post-

photoreceptor response of cells in the inner retina, mainly bipolar cells, is reflected by the b-wave. The 

normal ERG values for SD rats ranged between -400 to -700 µV for the a-wave, and between 400 to 700 µV 

for the b-wave at the highest light intensity. The most obvious finding that emerged from the analysis is that 

treatment with connexin modulators conferred greater improvement in retinal function compared with the 

pannexin channel modulator. Specifically, the a-wave and b-wave amplitudes in the ERGs improved towards 

the normal ranges for retinal function with any of the connexin43 treatments trialled compared to probenecid, 

which significantly ameliorated the response, but not to a normal level.  
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Figure 8.1: Overall analysis of the mixed a-wave amplitude (A) and b-wave amplitude (B) results for each of 

the treatment groups from Chapter 3 to Chapter 7. The a-wave and b-wave amplitude in the ERGs improved 

towards the normal ranges for retinal function for all the Cx43 treatments trialled compared to probenecid, 

which significantly ameliorated the response, but not to a normal level.  
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Figure 8.2: Overall analysis of rod PIII amplitude (A) and rod PII amplitude (B) for each of the treatment 

groups from Chapter 3 to Chapter 7. In general, the highest response was generated from the tonabersat and 

Cx43MP treatments, and the lowest response from the intervention using probenecid. 
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Figure 8.3: Overall analysis of cone PII amplitude (A) and summed OP amplitude (B) for each of the 

treatment groups from Chapter 3 to Chapter 7. Overall, the Cone PII results indicate that the drugs used were 

able to protect the retina. However, the combination of tonabersat and probenecid was less protective to the 

amacrine cells, which generate the OPs during signal transduction in the inner retina. 
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Furthermore, in the rod PIII and PII analysis, the highest response was generated from the tonabersat and 

Cx43MP treatment and the lowest response for the intervention using probenecid. In general, rod PIII is 

generated by photoreceptors and rod PII is generated in the inner nuclear layer. Treatment with tonabersat, 

Cx43MP, Cx43MP-NPs and probenecid improved function, suggesting that both channels are important for 

signal transmission from photoreceptor cells to bipolar cells. However, results for probenecid treatment alone 

were always in the lower range of normal values.  

 

In addition, one unanticipated finding was that the combination of tonabersat and probenecid was less 

protective of the amacrine cells, which generate the OPs during signal transduction in the inner retina. 

Blocking both channels at the same time was less protective, or showed a deteriorating effect in the inner 

retina. However, the combination of both pannexin and connexin modulators seemed to provide improved a-

wave and b-wave responses. This suggests that neuroprotection may not be conferred by combining both 

treatments, as in the long term, amacrine cell function is essential for signal transduction within the retina. 

 

Another important finding was that oral delivery of tonabersat contributed the same protection to the retina as 

intravitreal injection of Cx43MP. Oral delivery is challenging, in particular because maintaining the 

bioavailability of drug in the target organ is dependent on many factors. In this study, oral delivery of 

tonabersat was assumed to have reached the eye based on reduced Cx43 expression in the tissues. A previous 

study indicated that drugs delivered orally or systemically can more easily reach the more vascular choroid 

compared to delivery via retinal capillaries, likely due the high fenestration of the choriocapillaris (Gaudana 

et al., 2010).  

 

Furthermore, a spontaneous diabetic rat model with ocular signs of DR was employed in our research, with 

results showing a distinct protective effect of both Cx43MP and tonabersat on inflammation, retinal function 

and tissue degeneration. Of particular significance in our findings was the effect of the oral tonabersat 

formulation, which conferred neuroprotection in two animal models of retinal degeneration over two weeks 

(and out to three months in one of them).  The discussion is now mapped out according to the aims of the 

thesis listed in the introduction in Chapter 1: 



211 
 

 

 

 

1) To determine the functional, morphological and molecular effect of interventions using Cx43 

hemichannel modulators delivered systemically, intraocularly, or orally in the light-damaged rat model 

 

The outcome of studies conducted under this first specific objective indicated that early intervention with the 

connexin modulator during onset of inflammation and oxidative stress is able to protect the retina and 

choroid for sustained periods. Specifically, two doses using intravitreal injection are sufficient to protect 

from bright light damage and these results further support the usefulness of Cx43MP in the treatment of 

retinal degeneration. The finding is consistent with results found for other models of ischaemia, diabetic 

retinopathy and AMD (Danesh-Meyer et al., 2012; Guo et al., 2016), but here our study was expanded to 

show sustained benefits over longer periods, further improved with long acting drug delivery systems. From 

a clinical perspective, the study also highlighted that Cx43MP-NPs delivered as a single intravitreal injection 

also protect the retina. This drug delivery method reduces possible ocular complications associated with 

repeated intravitreal injections. This finding confirms that the delivery method increases drug bioavailabilty, 

as has been demonstrated in a model of retinal ischaemia (Chen et al., 2015), and that neuroprotection 

correlates with reduced inflammasome activation in the choroid. Another connexin modulator, tonabersat, a 

drug that has previously reached clinical phase II trials for other conditions, was delivered as an 

intraperitoneal injection or orally. The results obtained for tonabersat treatment represent one of the most 

significant beneficial findings for human application, as the drug conferred protection of the tissue from 

bright light damage with no side effects due to the drug delivery method.  

 

 

2) To distinguish the functional, morphological and molecular effect of hemichannel blockers on 

pannexin and connexin channels in the light-damaged rat model 

 

 

The second objective involved deciphering whether tonabersat and / or probenecid were more effective at 

repairing damage to the tissues. Both channels release ATP, and our study showed that the channels may be 

expressed in different parts of the retina and have a different response to intense light damage of the retina. 

Both tonabersat and probenecid showed significant improvements in retinal function. Tonabersat and 
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probenecid prevented photoreceptor loss, otherwise seen within weeks post-injury in the light-damaged rat 

retina, but tonabersat with probenecid conferred better protection with Oral tonabersat alone provided the 

best level of protection. The thesis therefore provides evidence for the neuroprotective effect of the two 

drugs, but has not resolved why tonabersat treatment was able to provide better anti-inflammatory outcomes 

in the light-damaged retina than probenecid. 

 

 

3) To determine the functional, morphological and molecular effect of a Cx43 hemichannel blocker on 

a new animal model of spontaneous diabetes with early signs of diabetic retinopathy  

 

In relation to this objective, we determined that in early stages of diabetes, ocular lesions are associated with 

inflammation and Cx43 over expression. OCT showed abnormal hyperreflective areas in the outer nuclear 

layer that corresponded with areas of inflammation. These findings are consistent with the literature 

indicating that these hyperreflective dots represent early stages of diabetic retinopathy. This unique animal 

model seems to spontaneously develop ocular vascular lesions and may offer a model for understanding the 

onset of DR. 

 

Retinal function was abnormal in these animals, and this functional deficiency correlated with the presence 

of microaneurysms and macroaneurysms prior to any evidence of changes in overall retinal structure or layer 

thicknesses. In the experiments for this objective, tonabersat treatment showed significant improvements in 

retinal function and morphology and in reducing inflammation, as demonstrated using 

immunohistochemistry for Cx43 expression and inflammatory markers. This study was especially important 

as it demonstrated that treatment of an established, chronic disease condition ameliorated clinical signs, 

improved retinal function and reduced inflammation. This is significant as other models used are primarily 

acute treatment models, with a focus on preventing the onset of signs of disease rather then shutting them 

down, and as such have less relevance for the treatment of established disease.  In the near future, genotyping 

of the colony will be performed. Cryopreservation of embryos from this colony has been carried out in order 

to retain this unique animal model of DR.  

 

In the meantime, the research reported in this thesis has shown that with connexin hemichannel modulation, 

both DR and AMD can potentially be treated and significant functional recovery may be possible. 
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