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Chapter 1:  Regulation of intercellular communication 

– seeking a novel therapeutic target for age-related 

macular degeneration 
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Age-related macular degeneration (AMD) is the major cause of blindness in people aged 75 

years or older in developed countries, and the third leading cause of blindness in the world, 

following cataract and glaucoma (Klaver et al., 1998b; Biarnés et al., 2011).  A recent study 

reports that the prevalence of late AMD increases exponentially in aged people, reaching 

20% in people in their 90s (Rudnicka et al., 2012).  In addition to age, studies have shown 

that many other risk factors also contribute to triggering AMD.  Genetic influences on AMD 

are well recognised.  A similar incidence of AMD in monozygotic twins has been reported, 

suggesting a close association between heredity and AMD (Meyers & Zachary, 1988; Klein 

et al., 1994; de Jong, 2006).  Some genes involved in macrophage activation and 

complement cascade pathways have been shown to contribute to the onset of AMD (Klaver 

et al., 1998a; Edwards et al., 2005; Haines et al., 2005; Klein et al., 2005; de Jong, 2006; 

Gold et al., 2006).  Environmental factors such as smoking also pose a significant risk factor 

for AMD (Thornton et al., 2005; Biarnés et al., 2011).  One study has shown a significantly 

higher risk of developing AMD in heavy smokers compared to that for non-smokers (Khan 

et al., 2006).  Additionally, increased lifetime exposure to sunlight may be another risk 

factor.  The Blue Mountains Eye Study has reported an association between blue iris colour 

and late AMD, including neovascular AMD and geographic atrophy (Mitchell et al., 1998).  

The ten-year longitudinal study also suggests a link between skin sensitivity to sunburn and 

late AMD (Pham et al., 2009).  This is further supported by a recent review of the 

epidemiological literature that has concluded that increased sunlight exposure may lead to a 

higher risk of development of AMD (Sui et al., 2012). 

 

Many studies have suggested that AMD arises due to accumulative oxidative stress 

generated by reactive oxygen species produced as a result of normal metabolism in the 

retina, retinal pigmented epithelium and in the choriocapillaris (Dorey et al., 1989; Beatty et 

al., 2000; Gray & Woulfe, 2005).  In humans, AMD is also recognised as a vascular disease, 

and blood vessel changes are highly associated with the pathogenesis and progression of the 

disease (Coorey et al., 2012).  Increased connexin43 protein and/or transcript located in the 

vasculature and astrocytes have been found in many human central nervous system injuries 

and diseases, including stroke, epilepsy and Huntington’s disease (Elisevich et al., 1997; Vis 

et al., 1998; Nakase et al., 2006).  Connexin43 is the most ubiquitously expressed connexin 

protein in mammalian embryos and adults, and is expressed in endothelial cells and 
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epithelial cells.  By forming junctional channels, connexin43 contributes to intercellular 

communication that allows the rapid exchange of nutrients, metabolites, secondary 

messengers, and small molecules.  Therefore, it is important for maintaining the normal 

cellular function under physiological conditions.  However, the association between 

connexin43 and AMD remains unclear.  

 

So far, there is no treatment to cure AMD (Bird, 2010).  The current primary therapy is to 

manage choroidal neovascularisation breakage through to the neuronal retina in late AMD 

by direct injection of anti-angiogenic agents into the vitreous (Jager et al., 2008).  However, 

there is gathering interest in the role of intercellular communication in tissue injuries.  

Alterations in intercellular communication have been found in many human health 

conditions, such as Huntington’s disease, Parkinson’s disease, stroke and epilepsy (Elisevich 

et al., 1997; Rufer et al., 1998; Vis et al., 1998; Nakase et al., 2006).  This suggests that 

modulation of intercellular communication may provide a new therapeutic target for AMD.  

 

In this chapter, the fundamental principles of retinal structure and function are introduced, 

followed by a description of intercellular communication pathways in normal tissue and after 

tissue injury that could be targeted for intervention.  Next, recent investigations with a 

specific focus on connexin43-formed junctional communication are reviewed.  The 

pathogenesis of AMD is then presented.  And finally, the animal model of AMD and the 

justification for using this particular model in this thesis are discussed. 

 

 

1.1  Anatomy and physiology of the retina 

 
The retina, together with the vitreous, posterior sclera and choroid comprise the posterior 

segment, which forms the back two thirds of the eye.  The retina is a very thin (about 

200µm), transparent neural tissue lying between the vitreous body and Bruch’s membrane of 

the choroid.  The central area of the retina is the fovea.  The fovea is an avascular zone that 

measures about 1.5mm in diameter with the foveola in the middle.  The foveola itself 
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measures 0.35mm in diameter and 0.15mm in thickness.  The centre of the foveola is called 

the umbo, a structure which provides for the highest visual acuity.  Densely packed cones are 

involved in the fovea which has high metabolic demands. Vascular arcades surround the 

fovea.  The parafovea is a ring region 0.5mm in width enveloping the fovea. The perifovea is 

a 1.5 mm region surrounding the parafovea.  The umbo, foveola, fovea, parafovea and 

perifovea together constitute the macula (Figure 1-1), which is responsible for detailed 

vision such as when reading and recognising faces (Bron et al., 1997; Wässle, 2004; Lens et 

al., 2008). 

 

 

 

 

 

This image is blocked due to copyright issues.  Please refer to the hard copy of the thesis 

for the details of the image. 

 

 

 

 

 

 

 

 

Figure 1-1. A fundus image showing the central retina and the macula.  This image shows a 
fundus view of the central retina from a normal eye.  The macula is the area within the white circle.  
Adapted from (Jager et al., 2008).  
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1.1.1  Layers in the retina 

 

The retina consists of eight layers, based on light microscopy findings.  They are 1) the 

retinal pigment epithelium, 2) the outer segments of photoreceptors, 3) the outer nuclear 

layer, 4) the outer plexiform layer, 5) the inner nuclear layer, 6) the inner plexiform layer, 7) 

the ganglion cell layer, and 8) the nerve fibre layer (Figure 1-2). 

 

 
Figure 1-2. A cartoon picture shows the layers and cell types of the retina.   The retina consists 
of six main types of neurons: rod photoreceptors, cone photoreceptors, horizontal cells, bipolar cells, 
amacrine cells and ganglion cells.  The nuclei of the photoreceptors are located in the ONL.  The 
OPL comprises synapses between photoreceptors and post-photoreceptoral neurons.  The somata of 
horizontal cells, bipolar cells, amacrine cells and Müller cells are located in the INL.  The IPL 
comprises synapses between bipolar cells, amacrine cells and ganglion cells.  The GCL mainly 
contains ganglion cells; astrocytes are also located in this layer.  Abbreviations: NFL, nerve fibre 
layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 
plexiform layer; ONL, outer nuclear layer; IS/OS, inner/outer segment of photoreceptors; RPE, 
retinal pigment epithelium.  Modified from (Field & Chichilnisky, 2007).  Copyright License 
Number: 3261711450757. 
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1.1.2  Cells in the retina 

 

The retina consists of sensory nerve cells and supporting cells.  The nerve cells include 

photoreceptors, bipolar cells, ganglion cells, horizontal cells and amacrine cells.  The 

supporting cell in the retina includes the Müller cell, the astrocyte and the microglia.  

Histological morphology and the main functions for each cell type are described in detail 

below, and the immune cells, including astrocytes and microglia, are described in  

Section 1.1.7 “The response of retinal immune system to stress and aging”. 

 

Photoreceptors There are two types of photoreceptors, the rods and the cones.  The 

rods are responsible for vision in dim light because of their low threshold to light detection.  

The cones are responsible for processing fine detailed information and colour vision.  The 

density of the rods and cones varies in different parts of the retina.  In humans, the fovea 

comprises cones only and the number of rods increases rapidly toward the periphery but 

decreases gently at the extreme edge of the retina (Curcio et al., 1990; Lens et al., 2008).  In 

healthy people, the total number of cones is consistent throughout life from age groups 20s 

to 90s, while the density of rods starts to drop by 30% from midlife until the 90s (Cuenca et 

al., 1993). 

 

Photoreceptors are long, slim cells located in the most outer layer of the retina.  The cell is 

divided into three parts, the outer segments, the connecting stalks and the inner segments.  

The cone outer segment has a conical shape and the rod has a rounded tip.  The base is wider 

in the cone compared to the rod.  The outer segment in rods contains 600 to 1000 

transversely arranged membrane discs.  The discs are formed at the base of the outer 

segment and are progressively pushed towards the end of the outer segments where they are 

constantly shed.  The shed disc membrane from the rod is cleared by the pigment epithelium 

through phagocytosis.  The disc membrane in the cone is continuous with the extracellular 

space, and is not phagocytosed by the pigment epithelium (Snell & Lemp, 1998).  Both rods 

and cones have photosensitive pigments in their outer segments, which are located in the 

membrane of the discs.  In the rod, the photosensitive pigment is rhodopsin.  In the cone, the 

photosensitive pigment is iodopsin (Tortora & Grabowski, 2000). 
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Bipolar cells  The bipolar cells are located between the photoreceptors and ganglion 

cells, in the inner nuclear layer of the retina.  Based on the morphology shown by Golgi 

staining, eleven bipolar cell types have been identified in the primate retina (Boycott & 

Wässle, 1991).  They have one or several dendrites forming synapses with photoreceptor 

terminals.  The single axon of most bipolar cell synapses with ganglion cells.  Based on their 

dendrite and axon terminals, bipolar cells are divided into three classes: rod bipolar cells, 

which connect several rod cells with up to four ganglion cells through contacting AII 

amacrine cells (Hua et al., 2003); flat or diffuse bipolar cells, which connect several cone 

cells to several ganglion cells; midget bipolar cells, which connect a single cone cell to a 

single midget ganglion cell (Tortora & Grabowski, 2000; Levin et al., 2011). 

 

Horizontal cells  The horizontal cells are located in the inner nuclear layer, and their 

processes lie parallel with the retinal surface.  They have several short processes which 

synapse locally with rods and cones and one long process which contacts with rods and 

cones some distance away (Snell & Lemp, 1998).  There are two types of horizontal cells in 

most mammalian retina, A-type and B-type, and all the horizontal cells are connected by gap 

junctions (Kolb, 1974).  B-type horizontal cells have a smaller dendritic tree compared to the 

A-type.  The dendrites of both A-type and B-type horizontal cells terminate in cone pedicles 

while the axon terminals of the B-type end in rod spherules (Kolb, 1974).  In the human 

retina, however, there are three types of horizontal cells identified, HI, HII and HIII (Kolb et 

al., 1992; Kolb et al., 1994).  Horizontal cells have the highest density at the fovea but their 

density decreases towards the peripheral retina.  The horizontal cells serve to modulate and 

transform visual signals received by the photoreceptors.  In contrast to the bipolar cells, 

which modulate the inputs vertically, the horizontal cells modulate the inputs of the 

photoreceptor cells horizontally (Bron et al., 1997).  

 

Amacrine cells  The somata of amacrine cells are located in the inner nuclear layer.  

The cell body is flask-shaped with a diameter of up to 12µm.  Each cell has both axons and 

dendrites, and their processes may extend throughout the inner plexiform layer.  Twenty-

four different types of amacrine cells have been identified in the human retina based on their 

morphology impregnated by Golgi procedures (Kolb et al., 1992).  The amacrine cells 

produce various neurotransmitters, including both neuro-active substances (such as 
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acetylcholine, GABA, dopamine etc.) and neuro-peptides (such as cholecystokinin, 

glucagon, neurotensin, etc.).  Of all the amacrine cells, the AII cell type is the best studied.  

AII amacrine cells are glycinergic cells (Crooks & Kolb, 1992) and show immunoreactivity 

for calcium binding proteins parvalbumin, calbindin and calretinin in mouse and human 

retinas (Wässle, 2004; Thrimawithana et al., 2011).  AII amacrine cells are connected to 

each other by gap junctions (Hartveit & Lin Veruki, 2012).  Their functions are mainly 

involved in transmitting rod-driven signals and modulating visual signals in the cone system 

(Klump et al., 2009).  

 

Ganglion cells  The ganglion cell bodies are large and round or small and oval in 

shape and they lie in the most inner cell layer of the retina.  They are the last retinal 

connection for the nerve impulse.  The smaller ganglion cells are prominent in the macular 

area.  The axons from the ganglion cells run parallel to the surface of the inner retina to form 

the nerve fibre layer and finally form the optic nerve.  The ganglion cell layer and the nerve 

fibre layer are thickest around the optic disk and the thickness decreases to a single layer 

towards the periphery of the retina.  Over 18 different types of ganglion cells have been 

identified (Kolb et al., 1992); the two major types are designated M (or parasol) and P cells.  

P cells are further subdivided into two subclasses,  namely P1 (or midget) and P2 (or small 

bistratified) cells (Bron et al., 1997).  

 

Müller cells  The Müller cells are the major glial cells in the retina.  They are long 

and narrow cells.  Their cell bodies occupy most of the intermediate part of the inner nuclear 

layer of the retina.  The processes from the Müller cells extend through the whole thickness 

of the retina (Snell & Lemp, 1998).  Müller cells are one of the cell types producing 

endogenous vascular endothelial growth factor (VEGF), which is essential for photoreceptor 

survival and function (Amin et al., 1997; Saint-Geniez et al., 2008).  The Müller cell is 

considered to be the centre for metabolic activity and neurochemical recycling in the retina 

(Snell & Lemp, 1998). 
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1.1.3  The function of the retinal pigment epithelium 

 

The retinal pigment epithelium (RPE) is a single layer of cells located between 

photoreceptors and the choroid.  Horizontal sections parallel to the retina show the cells to 

be hexagonal.  In vertical cross section, the cells are narrow and tall around the optic nerve 

region and flattened near the peripheral region of the retina.  The basolateral side of the RPE 

rests on the basement membrane, which forms part of Bruch’s membrane of the choroid.  

The apical side of the cells is comprised of multiple microvilli which provide an interface for 

interaction with the photoreceptor outer segments.  The nuclei are located at the basal part of 

the cytoplasm and the pigment granules extend into the microvilli.  These cells have a highly 

developed endoplasmic reticulum and a prominent Golgi apparatus.  These morphological 

characteristics of the RPE are indicative of its multitude of tasks contributing to visual 

function.  Failure of any of the functions of the RPE leads to retinal degeneration (Snell & 

Lemp, 1998; Levin et al., 2011).  

 

Absorption of light The melanin granules of the RPE absorb light that has been focused 

by the cornea and the lens, which has a high density of energy.  This prevents the return of 

the light back into the photoreceptor layer of the retina.  The process of light absorption by 

the RPE leads to an increase in the temperature of the RPE-choroid complex.  The heat 

generated from light absorption is taken away by the bloodstream in the highly vascularised 

choroid (Levin et al., 2011).  A large amount of reactive oxygen species generated in the 

RPE is a by-product of light absorption.  The RPE is protected by various defence 

mechanisms, including antioxidant enzymes such as superoxide dismutase (SOD), catalase, 

and peroxidase.  Antioxidant nutrients including vitamin E, beta-carotene, and ascorbic acid 

may also play a critical role in protection of the RPE from oxidative stress (Algvere & 

Seregard, 2002). 

 

Phagocytosis of photoreceptor outer segments The shed rod photoreceptor outer 

segments are normally phagocytosed by the RPE.  The processes of shedding and 

phagocytosis are tightly coordinated in order to maintain the proper length of photoreceptor 

outer segments (Levin et al., 2011).  Intense light increases the formation of reactive oxygen 

species by photo-oxidation in the photoreceptors, which may lead to the production of highly 
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peroxidised lipid from shedding photoreceptor outer segments.  This may associate with the 

formation of lipofuscin and drusen in age-related macular degeneration (Curcio & Millican, 

1999).  

 

Transport of molecules, ions and water  The RPE is a part of the blood-retina barrier.  

This barrier means that the exchange of molecules, ions and water is completely reliant on 

trans-epithelial transport through the RPE.  Nutrients such as glucose, omega-3 fatty acids 

and vitamin A are the main molecules transported from the choriocapillary-side to the 

photoreceptor side.  The transport pathways of the nutrients may be concentration-dependent 

general diffusion pathway, common to fatty acids, such as omega-3 fatty acids, or by 

transporters such as glucose transporters, or via a receptor-mediated process such as  

vitamin A.  Transport from the photoreceptor side to the choriocapillary-side mainly 

includes the transport of metabolic waste such as lactic acid and water generated by the 

neural retina (Levin et al., 2011).  

 

Secretion  The RPE maintains the structural integrity of photoreceptors, the endothelium 

of the choriocapillaris and activates the immune system by secreting a large variety of 

growth factors, cytokines and immune modulators (Snell & Lemp, 1998; Levin et al., 2011).  

The vascular endothelial growth factor (VEGF) secreted from the RPE has been found to be 

essential for choriocapillaris development (Marneros et al., 2005).  A transgenic mouse 

model with selective inhibition of VEGF expression in the RPE shows the absence of 

choriocapillaris (Marneros et al., 2005).  Increased expression of VEGF may be associated 

with pathogenesis and/or development of wet AMD (Kliffen et al., 1997). 

 

 

1.1.4  Retinal signalling  

 

Light stimulates hyperpolarisation of photoreceptors.  The photoreceptor-generated signal is 

then processed by secondary neurons in the retina before being transmitted to the visual 

cortex.  Horizontal cells and bipolar cells are second order neurons that are responsible for 

receiving input signals from photoreceptors located in the outer retina and vertically 
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transmitting the signal to amacrine and ganglion cells in the inner retina.  Bipolar cells are 

divided into two major types, the ON-centre (or depolarising bipolar cells) and the OFF-

centre (or hyperpolarising bipolar cells).  The network between neurons in the retina is 

complex and highly organised.  Gap junctions have been detected linking adjacent 

photoreceptors and bipolar cells (Cuenca et al., 1993; Deans et al., 2002; O'Brien et al., 

2004), providing channels for electrical coupling between interconnected cells.  In addition 

to electrical coupling, chemical coupling via neurotransmitters, ephaptic coupling, is another 

form of synaptic interaction between interconnected neurons (Poznanski & Umino, 1997; 

Levin et al., 2011).  

 

The cone pathway  Cones are responsible for photopic vision with the perception of fine 

temporal and spatial detail via the integration of information in the cone pathway.  Cones 

also contribute to colour vision.  Cone responses to light do not saturate even to the 

physiologically brightest illumination (Bloomfield & Dacheux, 2001).  In humans and 

primates, there are three types of cones which are sensitive to photons in different regions of 

the visible spectrum.  L- or red cones are sensitive to long wavelength; M- or green cones 

are sensitive to middle wavelength; S- or blue are sensitive to short wavelength.  Two cone-

specific circuitries are responsible for colour coding, the red-green opponency and the blue-

yellow opponency pathway (Dacey & Packer, 2003).  The L- and M- cones are 

morphologically similar and cannot be distinguished from each other.  Signals from both L- 

and M- cones are combined and transmitted through the red-green opponency pathway.  In 

the central retina, a single L- or M- cone connects through a midget bipolar cell and 

exclusively to a single midget ganglion cell, which establishes a private pathway to the brain 

(Kolb & Dekorver, 1991).  In the peripheral retina, a single cone connects a midget bipolar 

cell and several of  these connections converge onto an expanded dendritic trees of midget 

ganglion cells (Dacey & Packer, 2003).  Signals from S-cones, which make up only 5-10% 

of the cones, are transmitted to small bistratified ganglion cells via the blue-ON-yellow-OFF 

opponent pathway (Dacey & Lee, 1994).  Apart from the primates, other mammals have 

only two types of cones, L- and S-cones (Wässle, 2004). 

 

The rod pathway  Rods are highly sensitive to light and are, therefore, responsible for 

vision under dim illumination.  However, their responses saturate quickly under the dim light 
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even after being exposed to a few photons (Bloomfield & Dacheux, 2001).  There are several 

pathways that have been revealed for transmission of rod signals to the ganglion cells 

(Figure 1-3).  The first is the rod ON bipolar and AII amacrine pathway (ON1 pathway in 

Figure 1-3).  One rod synaptic terminal interacts with two or more rod ON bipolar cell 

dendrites.  In the dark, the rod synaptic terminals keep releasing glutamate, which works on 

L-(+)-2-amino-4-phosphonobutyric acid (APB)-sensitive, metabotropic glutamate receptor, 

mGluR6 located on the postsynaptic membrane of rod bipolar cells and maintains the rod 

bipolar cell in a hyperpolarised state.  Light stimulates the rod photoreceptor decreasing 

glutamate release and causing a depolarising ON-response of the rod bipolar cells (Nawy & 

Jahr, 1990).  The rod ON-bipolar cell contacts with AII amacrine cells through a sign-

conserving glutamatergic synapse.  Then, signals from the AII amacrine cells excite 

ON/depolarising cone bipolar cells through sign-conserving electrical gap junctions and 

inhibit OFF/hyperpolarising cone bipolar cells through glycinergic synapses (Sharpe & 

Stockman, 1999).  ON cone bipolar cells pass the signals to ON ganglion cells and OFF 

bipolar cells pass the signals to OFF ganglion cells.  

 

The second rod pathway (OFF2 pathway in Figure 1-3) is via rod-cone gap junctions to cone 

bipolar cells for stimulations at higher light levels.  Rod signals excite ON and OFF cone 

bipolar cells through gap junctions between neighbouring rod spherules and cone pedicles, 

which are then passed onto ON and OFF ganglion cells (Nelson, 1977; Sharpe & Stockman, 

1999).  

 

The third rod pathway (OFF3 pathway in Figure 1-3), direct rod to OFF bipolar connection 

has been suggested by a study using transgenic mice that lack cones (Soucy et al., 1998).  

Certain OFF ganglion cells show an APB-resistant response to rod signals.  The APB-

resistant response excludes the signals passing through the rod bipolar and AII amacrine 

pathway.  The rod-cone gap junction pathway should not happen as there is no gap junction 

between rod and cone in the coneless transgenic mouse retina.  This study indicates that rod 

signals can reach ganglion cells bypassing rod bipolar cells and cone photoreceptors.  The 

rods may connect directly to OFF bipolar cells.  A recent finding supports this idea.  The 

study suggests that a subpopulation of cone bipolar cells receives substantial input directly 

from rods by analysing light-evoked cation currents from morphologically identified 
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depolarizing bipolar cells in the wild-type and three pathway-specific knockout mice (Pang 

et al., 2010). 

 

 
Figure 1-3. The rod pathways.  In the ON1 pathway, light causes rod hyperpolarisation and 
decreases in glutamate release, which leads to rod bipolar cell depolarisation (red arrow).  The signal 
is then transferred from the bipolar cell onto AII amacrine cells through a sign-conserving 
glutamatergic synapse.  AII amacrine cells make gap junctions (electrical synapses) with the ON 
cone bipolar cells, which pass the signal onto the ON ganglion cells (green arrow).  In the OFF2 
pathway, light stimulates the rod.  The rod signal is passed onto the cone bipolar cells through gap 
junctions between neighbouring rod spherules and cone pedicles, and thence passed to ON and OFF 
ganglion cells.  In the OFF3 pathway, the signal is transferred directly from the base of rod spherules 
to the OFF cone bipolar cells and onto the OFF ganglion cells.  Abbreviations: GCL, ganglion cell 
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer 
nuclear layer; OS/IS, outer and inner segment of photoreceptors; RB, rod bipolar cells.  This image 
is adopted from (Wässle, 2004).  Copyright License Number: 3241090969779. 
 

 

The lateral pathway  The vertical photoreceptor signals are modulated by the “lateral 

pathway” across the retina to build spatial information and to form complex receptive fields.  

The lateral pathway consists of horizontal cells and amacrine cells.  Horizontal cells branch 

in the outer plexiform layer and insert lateral elements to the cones through their dendrites 

and contact with the rods through their axon terminals (Wässle, 2004).  The traditional 

proposal for an inhibitory feedback loop between horizontal cells and the photoreceptors via 

release of inhibitory neurotransmitter GABA (γ-aminobutyric acid) has been challenged by 

many studies, including a lack of classical synapses from horizontal cells, lack of GABA 

receptors on cones, and lack of GABA uptake into horizontal cells (Redburn-Johnson, 1998; 
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Tatsukawa et al., 2005; Schubert et al., 2010; Deniz et al., 2011).  Some investigations 

suggest that horizontal cells regulate the release of glutamate from cones and rods by 

modulating Ca2+ channels on the photoreceptor cellular membrane.  This modulation may be 

achieved through gap junction hemichannels located on the horizontal cell membrane.  

Blocking the hemichannels eliminated all the feedback responses (Kamermans et al., 2001).  

Another mechanism for feedback modulation from horizontal cells is through a pH change in 

the synaptic clefts which leads to a calcium current in cones (Hirasawa & Kaneko, 2003).  

 

Amacrine cells branch in the inner plexiform layer.  The types of amacrine cells are 

dramatically diverse.  There have been about 30 types of GABA-containing amacrine cells 

and 15 types of glycinergic amacrine cells identified in mammalian retina (Vaney, 2002; 

Wässle, 2004).  AII is the most common type, although it covers only 11% of the amacrine 

cells in the rabbit retina (Vaney, 1991; Strettoi & Masland, 1996).  The function of each type 

of amacrine cells is still unclear.  AII amacrine cells transfer their signal to the axons of ON 

cone bipolar cells through gap junctions (Vaney, 1991).  GABAergic amacrine cells send 

inhibitory input to bipolar cells, which leads to prolonged glutamate release from bipolar 

cells and a transient ganglion cell response (Lukasiewicz et al., 1994; Dong & Werblin, 

1998; Lukasiewicz, 2005).  Cholinergic amacrine cells play a critical role in the direction-

selective circuitry.  They provide either excitatory input at the preferred side or inhibitory 

input at the null side of the direction-selective ganglion cells (Euler et al., 2002; Taylor & 

Vaney, 2002). 

 

 

1.1.5  Blood-retinal barrier  

 

Retinal blood supply is provided by the central retinal artery and the choriocapillaris.  The 

choroidal blood vessels supply approximately 85% of the blood flow to the outer retina (Bill, 

1975).  The central retinal artery forms branches into three different capillary layers of the 

vascular network to supply the inner retina.  The first capillary layer runs along the nerve 

fibre layer; the second capillary layer is located in the ganglion cell layer; and the third 

capillary layer goes from the inner plexiform layer to the outer plexiform layers through the 
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inner nuclear layer (Leeson, 1979; Cuthbertson & Mandel, 1986).  Primates have an 

avascular region in the retina, the macula.  A study on post-mortem human donors by using 

perfusion and staining techniques has shown that the size of this avascular region varies 

between individuals (Paula et al., 2010).  It also demonstrated that the parafovea region was 

densely supplied by nine closely arranged pairs of arterioles and venules (Paula et al., 2010).   

 

Similar to the central nervous system, the neural retina is protected by two barriers, the inner 

blood-retinal barrier (BRB) and the outer BRB.  The inner BRB comprises retinal capillary 

endothelial cells and their surrounding pericytes and astrocyte end-feet (Choi & Kim, 2008).  

The outer BRB comprises the retinal pigment epithelium (RPE) (Levin et al., 2011).  The 

RPE cells are connected with each other by tight junctions, forming a belt that completely 

encircles the cells.  In cross-sections, tight junctions were observed at the apical end of the 

paracellular space in the RPE (Rizzolo et al., 2011).  Traditionally, it has been recognised 

that the strict control of permeation across the BRB is achieved through tight junctions 

(Steuer et al., 2005; Erickson et al., 2007; Xu & Liversidge, 2011).  In addition to tight 

junctions, gap junctions also contribute to the BRB structural integrity and physiological 

functions.  Many recent studies have shown that a gap junction protein connexin43 is 

expressed on RPE in a range of species, including rabbits, rats, turtles, fish and humans 

(Janssen‐Bienhold et al., 1998; Kerr et al., 2010; Pocrnich et al., 2012).  The BRB protects 

the retina from an over flow of ions, a diffusion of large toxic molecules and attacks by 

pathogens. Its characteristics of transport and permeation are critical for drug delivery. 

 

 

1.1.6  The choroid and the sclera 

 

The choroid is an extremely vascularised thin layer between the sclera and the retina (Figure 

1-4).  It nourishes the outer layer of the retina.  In darkness, over 90% of the oxygen 

consumed by photoreceptors is delivered by the choroidal circulation (Linsenmeier & Braun, 

1992).  This high oxygen requirement in the retina relies on the high blood flow in the 

choroid, which is the highest per unit tissue weight compared to any other tissues in the body 

and about ten times higher than in the brain (Alm & Bill, 1973; Nickla & Wallman, 2010).  
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The primary blood supply for the choroid is from the long and short ciliary arteries and with 

some contribution from the anterior ciliary arteries.  Blood flow in the choroid is drained 

through the vortex veins that ultimately merge with the ophthalmic vein (Ruskell, 1997).  

Unlike the retina, the circulation of the choroid is regulated by extrinsic autonomic 

innervations (Bill & Sperber, 1990; Nickla & Wallman, 2010).  A decrease in the choroidal 

blood flow is mediated through noradrenaline, which is released by sympathetic efferent 

nerves from preganglionic cervical sympathetic nerve and works on smooth muscle cells 

(Kawarai & Koss, 1998; Kur et al., 2012).  An increase in the choroidal blood flow is 

mediated via increased levels of nitric oxide, which is controlled by parasympathetic efferent 

nerves branched from the facial nerve (Nilsson, 1996; Kur et al., 2012).  

 

 
Figure 1-4. A cartoon picture showing the vasculature of the choroid.  The choriocapillaris is 
adjacent to the retinal pigment epithelium and lying in the inner layer of the choroid.  The medium 
and large-sized blood vessels are located in the outer layer of the choroid.  This image is adopted 
from (Kur et al., 2012).  Copyright License Number: 3241091332117. 
 

The choroid can be divided into three layers from the outmost: 1) the vessel layer that 

consists of large and medium-sized arteries and veins; 2) the capillary layer that contains 

fine capillaries; and 3) Bruch’s membrane, also known as the “basement membrane”, which 
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is a trilaminar structure consisting of the basement membrane of the retinal pigment 

epithelium of the retina, an intervening elasto-collagen layer, and an outer layer derived from 

the basement membrane of the endothelium of the capillaries in the capillary layer.  The role 

of Bruch’s membrane is to regulate the bilateral diffusion of bio-molecules, fluid and 

nutrients between the choroid and RPE (Snell & Lemp, 1998; Bhutto & Lutty, 2012). 

 

The sclera is the external coating of the eye and is composed of dense collagen fibres 

derived from dura mater of the central nervous system.  It provides firm protection for the 

intraocular contents. The sclera is a relatively avascular structure.  However, its outmost 

layer, called episclera, has a rich blood supply from the anterior ciliary arteries (Levin et al., 

2011). 

 

 

1.1.7  The response of the retinal immune system to stress and aging 

 

Oxidative stress is the damage caused by reactive oxygen species (ROS) or reactive nitrogen 

species (RNS) in cells or tissues.  ROS is generated from many sources under physiological 

conditions, including NADPH-dependent membrane-bound enzymes, mitochondrial 

metabolism of oxygen during normal cellular activities, and other intracellular oxidases 

(Finkel, 2011).  Cells also possess several antioxidant enzymes to remove ROS, such as 

superoxide dismutase that reduces O2− to H2O2, catalase, and glutathione peroxidase that 

reduces H2O2 to H2O (Finkel, 2011).  The retina has a high consumption of oxygen and is 

therefore particularly susceptible to oxidative stress (Handa, 2012).  Under physiological 

light conditions, rod outer segments are shed and regenerated (Levin et al., 2011).  Focused 

or prolonged light exposure results in excess ROS and free radicals generated from 

phagocytosis of the photoreceptor outer segment by the RPE, which can lead to retinal 

damage (Beatty et al., 2000).  Aging contributes to the excess oxidative stress generated and 

accumulated in the RPE.  Age-related inefficiency in phagocytosis, protein degradation and 

metabolism causes intracellular deposits of lipofuscin in the RPE (Beatty et al., 2000; 

Kinnunen et al., 2011). 
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Phagocytes are involved in the loop of amplification of oxidative stress.  Many oxidant 

generating enzymes are activated under stress, such as NADPH oxidase, superoxide 

dismutase, nitric oxide synthase (NOS), and myeloperoxidase (Babior, 2000).  The subunits 

of NADPH oxidase are located in the resting phagocytes (Leto et al., 1990; Knaus et al., 

1991) and the active form of oxidase is assembled on the membrane when the phagocytes 

are activated (Heyworth et al., 1991).  An inducible and highly-active form of NOS is 

manufactured by activated murine macrophages (Hevel et al., 1991) and increased NOS is 

released from lipopolysaccharide (LPS) and/or interferon-gamma (IFN-gamma)-activated 

human macrophages (Weinberg et al., 1995).  The activation of phagocytes is not fully clear.  

A theory, the so-called “lipid whisker model”, explains how the oxidised phospholipids of 

the membrane are recognised by the phagocytes (Greenberg et al., 2008).  This model 

suggests that when the phospholipids of the plasma membrane undergo peroxidation, they 

will move from the interior of the lipid bilayer to the aqueous exterior, which looks like 

“whisker growth” on the cellular membrane.  This change enables physical contact between 

these oxidatively modified phospholipids on the stressed cell and the molecular ligands on 

the phagocytes (Greenberg et al., 2008; Hazen, 2008).  When the phagocytes are activated, 

further reactive oxidants are generated through the process of phagocytosis (Babior, 2000), 

forming a vicious circle and a loop of amplification of oxidative stress.  The retina has 

residential phagocytes, and they may be activated and involved in the oxidative stress 

generated from photo-oxidation and aging. 

 

In the developing retina, the presence of subretinal macrophages has been demonstrated to 

be a feature in a range of mammalian species by using electron microscopy and 

immunohistochemical methods (McMenamin, 1999).  Although the adult retina is regarded 

as an immune-privileged tissue, it has residential glial cells that provide support and 

protection of the retinal neurons by supplying nutrients, removing neural waste products and 

phagocytosis of neuronal debris (Coorey et al., 2012).  There are three types of glial cells in 

the retina: Müller cells, astrocytes and microglia (Coorey et al., 2012).  The review on retinal 

glial cells below is mainly focused on astrocytes and microglia (Figure 1-5).  

 

Retinal astrocytes originate from the optic nerve and migrate to the nerve fibre layer during 

development (Yuge et al., 1995).  They are associated with vasculature in the retina.  In the 
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avascular area, there are no astrocytes (Yuge et al., 1995).  The end-feet of astrocytes are 

said to contribute to the blood-retinal barrier (Choi & Kim, 2008).  Degeneration of 

astrocytes may result in leakage of the blood-retinal barrier (Pérez‐Álvarez et al., 2008).  In 

the aged rat retina, astrocytes show gliosis-like morphology and the density and total number 

of astrocytes are decreased compared to young animals (Trivino et al., 1996).  These 

changes may affect the ability of astrocytes to maintain homeostasis and support neurons 

during aging (Trivino et al., 1996; Kur et al., 2012).  Glial fibrillary acidic protein (GFAP) is 

a specific marker of astrocytes (Trivino et al., 1996) and reactive astrocytes are usually 

associated with an increased expression of GFAP (Kaur et al., 2008).  In the aged human 

retina, GFAP-immunoreactivity is higher than that in the young (Ramı́rez et al., 2001). 

 

 

  

19 

 



 

 

 
Figure 1-5. Retinal astrocytes and microglia.  A: Confocal images showing astrocytes, immuno-
labelled with GS (red) and vimentin (green) on a cross section of rat retina.  Adopted from 
(Hernandez et al., 2009).  Copyright: Creative Commons Attribution License.  B: Confocal image of 
a flat-mount retina showing astrocytes (red), microglia (green) and blood vessels (blue). Adopted 
from the webvision website.  http://webvision.med.utah.edu/2012/12/human-retina-with-astrocytes-and-
microglia/#respond.  Copyright is obtained from the Webvision website.  C: Immuno-labelling of 
microglia on a human retina cross section with anti-HLA-DR (major histocompatibility complex 
class II antigen) antibody (Zeng et al., 2008).  This image is blocked due to copyright issues.  Please 
refer to the hard copy of the thesis for the details of the image. 
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Microglia are the residential immune cells in the central nervous system (Hanisch & 

Kettenmann, 2007).  In normal adult human retina, microglia are small, stellate cells limited 

to the inner retinal layers and when activated function as circulating macrophages (Provis et 

al., 1995; Buschini et al., 2011).  It is generally recognised that microglia are of 

mesenchymal origin and macrophage/monocyte lineage (Cuadros & Navascués, 1998).  In 

the adult mouse retina, blood-derived cells mainly contribute to the turnover of retinal 

microglia and perivascular macrophages.  Proliferation of residential microglia supplies a 

small portion for the renewal of the microglial population during physiological conditions 

(Xu et al., 2007).  Transformation of microglia from a resting to an activated state involves 

morphological, immuno-phenotypic and migratory changes (Kreutzberg, 1996).  The cartoon 

below shows the different activity states of microglia (Figure 1-6).  In normal human and rat 

retinas, microglia are located in the ganglion cell layer, and the inner and outer plexiform 

layers (Ashwell et al., 1989; Provis et al., 1995).  

 

 
Figure 1-6. A cartoon picture showing activity states of microglia.  The resting microglia have 
fine processes which provide continuous and efficient scanning in the healthy tissue.  In small local 
damage, the microglia are alerted, secreting neurotrophic factors and supporting stressed neurons.  In 
large insults, the microglia become reactive, which leads to substantial damage to the neurons 
(Hanisch & Kettenmann, 2007).  Copyright License Number: 3241101417898. 
 

Evidence from mouse models indicates that microglia respond to aging.  In the aging mouse 

retina, resting microglia show smaller and fewer processes morphologically (Damani et al., 

2011).  In response to focal injury, activated microglia in the aging retina have slower 

responses and lower rates of motility compared to microglia in the young retina (Damani et 

al., 2011).  In the aging mouse retina, the microglia are located in the sub-retinal space in 

addition to the inner retina (Xu et al., 2009).  This relocation could be associated with an 
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age-related RPE dysfunction, which increases expression of pro-inflammatory molecules 

(Ma et al., 2009b).  Migration of microglia into the photoreceptor layer has been found in 

many retinal degeneration mouse models (Karlstetter et al., 2010).  Activated microglia with 

phagocytic activities have even been identified in the normal aged rat retina (Chan-Ling et 

al., 2007).  The activation of microglia in these animal models may be involved in the 

clearance of neuronal debris, or even earlier events, prior to any signs of degeneration 

(Gehrig et al., 2007; Karlstetter et al., 2010).  Interestingly, in a mouse model of choroidal 

neovascularisation created using a red diode laser, the density of microglia remained the 

same as in the normal retina, but blood-derived macrophages were increased in the areas 

close to activated Müller cells (Caicedo et al., 2005).  This indicates that increased 

permeability of blood vessels may play a more important role in this mouse 

neovascularisation model compared to the resident microglia. 

 

In addition to retinal glial cells, the complement system is another important component of 

the innate immune system.  It contains more than 20 proteins and protein fragments which 

are synthesised mainly in the liver and delivered into the circulatory system.  The 

complement system can be activated by three pathways: the classic pathway, the alternative 

pathway and the mannose-binding lectin pathway (Khandhadia et al., 2012).  Full activation 

of each of these pathways leads to the formation of the membrane-attack complex (MAC), 

which results in cell lysis and pathogen clearance (Xu et al., 2009; Rutar et al., 2011a).  
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1.2  Gap junctional communication in physiological and pathological 

conditions 
 

1.2.1  The structure of gap junctions  

 

Gap junction proteins, also called connexins, form conduits for intercellular communication, 

allowing rapid exchange of nutrients, metabolites, ions, and small molecules up to 1kDa 

(kilo Daltons) between cells.  One complete intercellular channel is formed by two 

hemichannels (also known as connexons) located on the membrane of each adjacent cell 

with about a 2-4nm extracellular gap in the middle.  Each hemichannel is a hexamer of six 

connexin proteins arranged around a central pore.  These six connexins can be one or 

different members of the connexin family (Figure 1-7A) (Goodenough et al., 1996; Evans & 

Martin, 2002).  

 

Genes encoding mammalian connexins are divided into three classes (α, β and γ) based upon 

their genetic origin and nucleotide and amino acid sequence similarities (Risek et al., 1990; 

Eastman et al., 2006).  So far, over 21 connexins have been characterised in humans, and are 

named according to their molecular weights.  All the connexin proteins share a common 

structure, comprising four transmembrane hydrophobic domains (M1 – M4), two 

extracellular loops (E1 and E2) and one cytoplasmic loop (CL).  Both amino- and carboxyl-

terminals end in the cytoplasm (Figure 1-7B).  The two extracellular loops are cysteine-rich 

and their amino acid sequences are highly conserved.  The amino-terminals show similar 

lengths between all connexin proteins.  The most variable regions, both in length and 

sequence, include the carboxyl-tail and the cytoplasmic loop (Goodenough et al., 1996; 

Kumar & Gilula, 1996; Yeager & Nicholson, 1996). 

 

23 

 



 

 
Figure 1-7. Organisation of gap junctions and structure of connexin protein.  A: Gap junction 
hemichannels (connexons) may consist of only one type of connexin (homomeric connexons) or a 
mixture of different connexins (heteromeric connexons). Gap junctional channels can consist of two 
of the same connexons (homotypic channels) or of connexons with different connexin compositions 
(heterotypic channels).  B: Connexin proteins have four transmembrane domains (M1-4), two 
extracellular loops (E1&2) and one cytoplasmic loop.  This image is adopted from (Bloomfield & 
Volgyi, 2009).  Copyright License Number: 3241110129346. 
 

 

1.2.2  The assembly and removal of gap junctions 

 

Gap junctions have a rapid turnover.  The half-life of a gap junction in mouse liver was 

measured to be 5 hours (Fallon & Goodenough, 1981), and the half-life of connexin43 

(Cx43) in an adult rat heart was determined to be 1.3 hours, consistent with findings from 

another study of Cx43 turnover in cultures of cardiac myocytes (Laird et al., 1991; Beardslee 

et al., 1998).  Therefore, gap junctions are constantly formed and removed from the cell 

surface.  The assembly of connexin proteins is a complicated process (Figure 1-8).  Similar 

to other integral membrane proteins, connexin proteins are assembled on the rough 

endoplasmic reticulum (ER).  This is supported by the evidence of connexin existing on 

microsomes from the ER (Rahman et al., 1993; Falk et al., 1994; Kumar & Gilula, 1996).  

The formed connexin proteins are transported to the cellular membrane via the Golgi 

complex (Kumar & Gilula, 1996).  The oligomerisation of six connexin proteins into a 

hemichannel occurs intracellularly and most likely during ER to Golgi transport (Musil & 

Goodenough, 1993; Kumar & Gilula, 1996).  After arrival on the cell surface, connexin 

proteins can diffuse freely within the membrane.  Many hemichannels aggregate at the 

lateral cellular membrane adjacent to another cell, preparing for junctional channel 
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assembly.  How the two hemichannels dock and form a junction is still unclear.  One model 

suggests that the two extracellular loops from each connexin interact with the corresponding 

loops on the opposed hemichannel, which helps the two hemichannels to dock (Yeager & 

Nicholson, 1996).  Lateral pressure arising from the effects of intermembrane repulsion may 

also contribute to the process of docking and then opening of two hemichannels in the 

intercellular membrane of neighbouring cells (Harris, 2001).  Intercellular channels cluster 

into plaques.  Newly assembled channels keep adding to the periphery of the plaque, pushing 

the old channels towards the centre (Gaietta et al., 2002).  Gap junctions are removed from 

the intercellular membrane through a process of internalisation as vesicular-like structures 

(annular junctions) into one of the two adjacent cells, where they fuse with lysosomes and 

are finally degraded by lysosomal enzymes (Jordan et al., 2001; Mese et al., 2007). 

 

 
Figure 1-8. A cartoon picture showing the process of gap junction biosynthesis.  Connexin 
proteins are synthesised in the endoplasmic reticulum membrane in the cytoplasm, according to the 
message carried by the transcript template (mRNA) from the nucleus.  The newly formed connexin 
proteins are transported onto the cytoplasm membrane by the Golgi complex.  Oligomerisation 
occurs during transporting.  The oligomerised hemichannels diffuse freely to regions of cell-to-cell 
contact to form gap junctional channels.  This image is adapted from (Mese et al., 2007).  Copyright 
License Number: 3241110380902. 
 

 
25 

 



 

1.2.3  The function of intercellular gap junction channels 

 

Intercellular gap junction channels allow the rapid exchange of ions, messengers and 

metabolic molecules between neighbouring cells.  The role of intercellular communication 

affects a wide range of cellular activities, including signalling, differentiation and growth 

(Goodenough et al., 1996). 

 

Rapid signal transmission  Electrically excitable cells, such as neurons, cardiac and 

smooth muscle cells permit rapid intercellular exchange of ions, which causes electrical 

transmission between adjacent cells to avoid synaptic delays.  In the retina, gap junctions are 

expressed in five major types of neurons and participate in electrical coupling between cells 

for light sensation.  Gap junction-coupled cells can be detected in the retina by injecting 

biotinylated tracers.  Intercellular junctional channels are found between horizontal cells, and 

between cone bipolar cells and AII amacrine cells (Mills & Massey, 2000).  In addition, 

direct signal transmission has been detected from AII amacrine cells to ON-cone bipolar 

cells.  These gap junctions demonstrate strong electrical coupling and very low steady-state 

voltage sensitivity (Veruki & Hartveit, 2002).  

 

Both calcium and inositol 1,4,5-trisphosphate (IP3) are signalling messengers and can move 

through gap junctions between adjacent cells (Leybaert & Sanderson, 2012).  An increase in 

intracellular calcium concentration in one cell can be passed onto surrounding cells, in a 

manner similar to creating a propagation wave.  This provides one form of intercellular 

communication.  In cultured hepatocytes, for example, injected calcium in one hepatocyte 

moves to the adjacent cells through transjunctional diffusion (Sáez et al., 1989).  A calcium 

wave is initiated by IP3 in the stimulated cell, which can also move through junctional 

channels and communicate intercellular waves (Boitano et al., 1992; Leybaert & Sanderson, 

2012).  Diffusion of IP3 from the initiator cell into an adjacent cell via a gap junction is 

necessary for the propagation of intercellular calcium waves (Boitano et al., 1992).  

 

Passage of metabolic molecules Sharing nutrients and metabolic molecules across 

groups of cells is another key function of gap junctions.  Intercellular gap junction channels 

are permeable to glucose, glucose-6-phosphate and lactate in astrocytes, which are the main 
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metabolic source of energy for brain development and activity (Tabernero et al., 1996).  Gap 

junction inhibitors increase the rate of glucose uptake in astrocytes (Tabernero et al., 1996).  

This may take place through regulation of glucose transporters located on the astrocyte 

cellular membrane (Sánchez‐Alvarez et al., 2004).  In dissociated astrocytes, where there are 

no intercellular gap junction channels, glucose uptake is not affected by the gap junction 

inhibitors (Tabernero et al., 1996).  Another example of the crucial functions of intercellular 

channels is the junctional channels on fibre cells on lens.  A residue mutation on connexin50 

(Cx50) affects intercellular coupling and this non-junctional Cx50 leads to failure of 

microcirculation of nutrients and metabolites required for lens transparency and may result 

in dominant congenital cataracts in humans (Banks et al., 2009).  Furthermore, enhanced 

Cx46 expression in lenses by transgenic knock-in alleles increases the intercellular gap 

junction communication.  This has been found to improve small metabolite transport through 

junctional channels and prevent or delay nuclear cataract formation (Li et al., 2010). 

 

 

1.2.4  The function of non-junctional hemichannels 

 

Hemichannels that have not been incorporated into intercellular gap junctions have been 

identified by several studies (Paul et al., 1991; DeVries & Schwartz, 1992; Musil & 

Goodenough, 1993).  In general, the non-junctional hemichannels remain closed and their 

opening, under some conditions, leads to plasma membrane depolarisation and small 

molecule leakage from the cytoplasm.  When these non-junctional hemichannels are active 

and open, they may perform diverse functions in various cell types and tissues (Goodenough 

& Paul, 2003).   

 

Release of signalling molecules into the extracellular space    Ca2+ wave propagation 

is a widespread form of intercellular communication between adjacent cells.  In addition to 

the direct intercellular channel mechanism, many studies suggest an alternative mechanism 

involving non-junctional hemichannels (Suadicani et al., 2000; Bruzzone et al., 2001; Fry et 

al., 2001; Goodenough & Paul, 2003; Evans et al., 2006).  Activation of the non-junctional 

hemichannels may result in the release of ATP as a primary active messenger into the 
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extracellular space, where ATP activates P2 purinergic receptors on the surrounding cells 

and leads to an increase in intracellular Ca2+ concentration in these cells (Guthrie et al., 

1999; Suadicani et al., 2000; Fry et al., 2001).  Opening of the non-junctional Cx43 

hemichannels may also cause the release of nicotinamide-adenine dinucleotide (NAD+), 

which can be converted to cyclic ADP-ribose (cADPr), a second messenger for mobilising 

Ca2+ from intracellular stores to increase intracellular Ca2+ concentration (Lee et al., 1994; 

Bruzzone et al., 2001). 

 

Promoting cell survival  Non-junctional hemichannels play critical and complex roles 

in controlling cell death and survival.  Most of the studies are focused on Cx43 

hemichannels.  Bisphosphonates are, for example, a type of drugs used for the treatment of 

bone diseases.  They prevent apoptosis of osteoblasts and osteocytes through extracellular 

signal-regulated kinase (ERK) activation (Plotkin et al., 1999).  Many studies have shown 

that phosphorylation of the Cx43 cytoplasmic domain results in the activation of ERK and 

cell survival (Plotkin et al., 1999; Giepmans et al., 2001; Goodenough & Paul, 2003).  These 

results suggest that kinase activation may be linked to hemichannel activities, and 

phosphorylation of Cx43 may lead to rapid closure of hemichannels and to promote cell 

survival. 

 

Neuronal signalling in the retina  Non-junctional hemichannels contribute to neuronal 

signalling in the process of photon transmission in the retina.  In the retinal lateral signalling 

pathway, horizontal cells modulate signals sent from the cone to the bipolar cells through 

non-junctional hemichannels.  One model of the cone synapse suggests that hemichannels 

are located in the membrane of horizontal cell dendrites, which insert into the cone synapse 

pedicles.  Opening of the hemichannels results in depolarisation of the cone pedicles and 

Ca2+ influx, which causes a subsequent release of neurotransmitters (Kamermans et al., 

2001; Goodenough & Paul, 2003).  

 

Overall, gap junctions, both junctional channels and non-junctional hemichannels play 

important roles for cellular communication within the tissue.  Changes to gap junctions may 

lead to tissue damage and a variety of diseases.  Alternatively, tissue injury causes certain 

micro-conditions where numerous protein kinases modulated by calcium, cyclic AMP and 
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cyclic GMP result in phosphorylation of gap junction proteins and altering the conductance 

of junctional channels and non-junctional hemichannels, leading to further tissue damage 

(Bloomfield & Volgyi, 2009).  In Huntington’s disease, Cx43 expression is increased 

compared to the normal control human brain tissue (Vis et al., 1998).  Parallel findings have 

been reported in a mouse model of Parkinson’s disease.  Both transcript and protein levels of 

Cx43 are increased in the astrocytes and other glial cells in the injured brain tissue (Rufer et 

al., 1998).  Some gap junctions on astrocytes remain conductive after cerebral ischemia 

(Cotrina et al., 1998) which enables secondary changes to ionic channels and permits toxic 

substances generated from injured cells to pass onto the surrounding cells. That disrupts their 

function, so propagating or amplifying the tissue injury (Lin et al., 1998).  These results 

suggest that modulation of gap junction channels may provide a therapeutic target to rescue 

the injured tissue from secondary damage.  

 

 

1.2.5  The expression of gap junctions in the retina 

 

In the vertebrate retina, gap junction proteins are widely expressed on nearly all cell types 

(Cook & Becker, 1995).  Connexins are expressed on neurons in the retina and contribute to 

electrical coupling in the inner and outer plexiform layers.  Cx36 was the first identified 

connexin in neurons and is the most widely expressed (Söhl et al., 1998; Söhl et al., 2005).  

In mouse retina, Cx36 and Cx45 are expressed on AII amacrine cells and ON cone bipolar 

cells (Söhl et al., 1998; Maxeiner et al., 2005).  Cx50 is expressed on axon-less horizontal 

cells and Cx57 is expressed on axon-bearing horizontal cells (Hombach et al., 2004; O'Brien 

et al., 2006; Bloomfield & Volgyi, 2009).  Studies on rat retina showed similar findings for 

Cx36 and Cx45 on AII amacrine cells and ON cone bipolar cells, as in the mouse retina 

(Veruki & Hartveit, 2009).  In rat retina, Cx36 has also been found in alpha retinal ganglion 

cells (Hidaka et al., 2004).  In addition to neurons, other cell types also express connexins in 

the retina, playing important roles in normal cellular functions.  Some connexins are crucial 

for endothelial cell structural integrity and physiological functions.  Within the rat retina, 

Cx37 and Cx40 are expressed by endothelium of large radiating arterioles, but they are 

absent in the mouse retina (Kuo et al., 2008).  The glia is another cell type which expresses 
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connexins widely.  In rat retina, Cx43, Cx45 and Cx50 are expressed on Müller cells and 

astrocytes (Schütte et al., 1998; Zahs et al., 2003; Kuo et al., 2008).  Cx43 is also expressed 

in the vascular endothelium and retinal pigment epithelium (Janssen‐Bienhold et al., 1998).  

Cx30 is limited to the astrocytes in the nerve fibre layer (Zahs et al., 2003; Kuo et al., 2008).  

 

So far, the expression of connexins in human retinal tissue remains largely unexplored.  

Human Cx36 and Cx45 have been identified in retinal transcripts by Northern blot 

hybridization, and their protein has been detected in the inner and outer plexiform layers by 

specific antibodies (Söhl et al., 2010).  Cx62 RNA is also detected in human retina (Söhl et 

al., 2010), which is a true ortholog of mouse Cx57 on horizontal cells (Söhl et al., 2003; 

Hombach et al., 2004).  Cx59 is found by quantitative PCR in total human retinal RNA.  The 

proteins Cx59 and Cx62 need further investigation due to the shortage of specific antibodies 

(Söhl et al., 2010).  Cx43 protein has been localised in astrocytes, Müller cells, blood vessels 

and pigment epithelium in human retina by immunohistochemistry (Kerr et al., 2010). 
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1.3  Connexin43 

 
Connexin43 (Cx43) is encoded by the Gja1 gene and is the most ubiquitously expressed 

connexin protein in mammalian embryos and adults.  It is endogenously expressed in at least 

35 different tissues, including brain, gut, lungs, skin, kidney and retina (Reaume et al., 1995; 

Laird, 2006).  Cx43 knockout mice die at birth due to blockage of the ventricular outflow 

tract of the heart (Reaume et al., 1995).  Cx43 protein has a short half-life of 1-2 hours in 

cultured cardiac myocytes (Laird et al., 1991) and about 4 hours in isolated perfused adult 

rat hearts (Beardslee et al., 1998).  Cx43 is a phosphorylated protein.  Phosphorylation 

regulates Cx43 gap junction assembly processes, including trafficking and docking onto the 

cytoplasm membrane and gating to junctional channels.  Phosphorylation of Cx43 also 

affects permeability of gap junction channels.  Cx43 protein has 21 serine and 2 tyrosine 

residues as targets of phosphorylation.  Kinases involved in Cx43 phosphorylation include 

protein kinase A (PKA), protein kinase C (PKC), p34(cdc2)/cyclin B kinase, casein kinase 1 

(CK1), mitogen-activated protein kinase (MAPK), and pp60 (src) kinase (Solan & Lampe, 

2005).  CK1 is a constitutively active kinase and plays a role in cell cycle progression, 

intracellular protein trafficking and cell morphogenesis (Solan & Lampe, 2009).  In human 

brain tissue from patients with Alzheimer’s disease, CK1-beta transcription increases 

compared to the control tissue (Yasojima et al., 2000).  CK1 has been reported to be 

involved in phosphorylation of serine residues of Cx43.  A specific inhibitor to CK1 

decreases the presence of junctional Cx43 and increases the total Cx43 and non-junctional 

Cx43 (Cooper & Lampe, 2002; Kim & Fishman, 2012).  Both Cx43 junctional channels and 

non-junctional hemichannels respond to tissue injury and micro-environment changes.  They 

also play key roles in a range of secondary processes following the initial injury and in tissue 

recovery.  

 

 

1.3.1  The role of connexin43 

 

Cell survival  Cx43 gap junctions contribute to the control of germ cell survival and 

development.  Cx43 knockout mice show a deficiency of germ cells even at very early stages 
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of embryonic development (Juneja et al., 1999).  The germ cell deficiency in Cx43 knockout 

mice is due to cell apoptosis via an increased expression of activated p53 (Francis & Lo, 

2006).  Cx43 is expressed in human embryonic stem cells.  Dissociation of the clustered 

human stem cells into single cells leads to cell death, which suggests that Cx43 gap junctions 

may play a key role in cell survival (Wong et al., 2004).  Cx43 hemichannels may contribute 

to cell survival by transducing anti-apoptotic drug effects.  A study on bisphosphonates, an 

anti-apoptotic drug for many bone diseases, has demonstrated that Cx43 hemichannels, but 

not junctional channels, are vital for passing the anti-apoptotic effect of the drug onto 

osteoblasts and osteocytes, promoting their cell survival (Plotkin et al., 2002).  However, an 

over-expression of Cx43-formed hemichannels may be involved in ATP-depletion, which 

causes necrosis and/or apoptosis in cultured human renal cells (Vergara et al., 2003).  

Likewise, an elevated function of Cx43 hemichannels is associated with pharmacological 

ATP depletion in cardiac ventricular myocytes and cortical astrocytes in cell cultures (John 

et al., 1999; Contreras et al., 2002).  Increased Cx43 hemichannel opening is also found in 

endothelia cells exposed to hypoxia.  Opening of the Cx43 hemichannel is associated with 

ATP release into the extracellular space and may be involved in the secondary damage that 

arises from hypoxia (Faigle et al., 2008).  One study has shown that increased Cx43 

hemichannel function, but decreased Cx43-related intercellular communication, may be 

caused by phosphorylation of serine368 residue on the Cx43 protein (Lampe et al., 2000). 

 

Wound healing  In human skin, Cx43 is expressed in basal and lower spinous layers of 

the skin including epidermal keratinocytes, sebaceous glands, hairs and eccrine sweat ducts 

(Guo et al., 1992; Salomon et al., 1994).  It is also expressed in blood vessels in the skin 

(Coutinho et al., 2003).  After wounding, the Cx43 expression level in keratinocytes at the 

leading edge of a wound decreases immediately until about two days post-wounding and 

increases above basal levels from four days up to seven days post-wounding when compared 

to the control tissue (Goliger & Paul, 1995; Coutinho et al., 2003).  In the dermis, the Cx43 

level in endothelial cells, smooth muscle cells and fibroblasts around the wound increases 

transiently within a few hours after wounding and it increases again when granulation tissue 

maturation starts at four days post-wounding (Moyer et al., 2002; Coutinho et al., 2003).  

Wound closure can be slow and lead to chronic wounds in diabetic patients.  The level of 

Cx43 expression at the wound edge has been found to be doubled in diabetic rat models 
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compared to the control animals (Wang et al., 2007).  In Cx43 knock-down transgenic mice, 

keratinocyte migration and proliferation start earlier post-wounding compared to the wild-

type mouse.  Cx43-formed intercellular junctions may contribute to this process as dye 

transfer is decreased by 40% in epidermal cells of the skin in the Cx43 knock-down mice 

(Kretz et al., 2003).  

 

Cx43 also participates in corneal wound healing.  In the cornea, Cx43 is predominantly 

expressed in the basal cell of the epithelium, and is also expressed in corneal keratocytes, 

stromal fibroblasts and endothelial cells (Dong et al., 1994; Laux-Fenton et al., 2003).  Cx43 

expression has been investigated following a corneal stromal ablation wound created with an 

excimer laser in an albino rabbit.  At 16-48 hours post-wounding, Cx43 expression is up-

regulated in keratocytes under the healing epithelial cells and on the surface of the wound 

not yet covered by epithelial cells (Grupcheva et al., 2012).  

 

Central nervous system injury  In the central nervous system (CNS), Cx43 is 

abundantly expressed in astrocytes in both the human and rat brain (Nagy et al., 1992).  Data 

from transgenic mice with a lacZ-reporter gene replacing the Cx43 gene specifically in 

endothelial cells reveals Cx43 expression in all kinds of vessels in an embryonic brain.  In 

adult mouse brain tissue, Cx43 is absent in large vessels although it is expressed on 

endothelial cells in small vessels and capillaries.  The expression of Cx43 in smooth muscle 

cells shows a different pattern to the endothelial cells.  Smooth muscle cells express Cx43 in 

large vessels but not in smaller ones (Theis et al., 2001).  In human fetal brain tissue, Cx43 

is expressed in endothelial cells and perivascular astroglial cells (Virgintino et al., 2001).  

However, the Cx43 expression appears to be absent in adult human cerebral cortex 

microvessels (Errede et al., 2002).  Under normal physiological conditions, Cx43 is also 

expressed in about 5% of microglia in the adult rat brain (Eugenín et al., 2001).  

 

Increased Cx43 protein and/or transcript has been associated with several human CNS 

injuries and diseases, including stroke, epilepsy and Huntington’s disease (Elisevich et al., 

1997; Vis et al., 1998; Nakase et al., 2006).  The increased Cx43 expression in the human 

brain tissue appears to be mainly limited to the astrocytes.  Many studies in animal models 

for CNS injuries have shown parallel findings (Hossain et al., 1994; Lee et al., 2005; 
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Ohsumi et al., 2006; Haupt et al., 2007).  In astrocyte cell culture under hyperglycaemic 

conditions and in a diabetic rat brain, dye transfer through gap junctional channels is 

significantly reduced compared to the controls (Gandhi et al., 2010).  In addition to 

astrocytes, microglia may be another cell type showing changes in Cx43 expression in the 

CNS following injury.  Four days after brain stab wounding, increased Cx43 protein 

expression is detected at cell interfaces at the edge and around the wound (Eugenín et al., 

2001).  Up-regulated Cx43 protein is also seen in the primary culture of microglia after 

treatment with bacterial lipopolysaccharide (LPS) plus interferon-γ (INF-γ) or tumour 

necrosis factor-α (TNF-α) plus INF-γ (Eugenín et al., 2001).  However, these findings about 

Cx43 on microglia may not be universal.  In one rat model of a complete transection of 

spinal cord injury,  both transcript and protein of Cx43 are found up-regulated in astrocytes 

within hours, but rarely up-regulated in microglia (Lee et al., 2005).  

 

Retinal damage  Under physiological conditions, Cx43 is expressed in retinal pigment 

epithelium (RPE) and blood vessels of vascularised retinas ubiquitously in many vertebrates 

(Janssen‐Bienhold et al., 1998).  The same study also demonstrated that Cx43 is located in 

astrocytes in the nerve fibre layer of the rabbit retina and in Müller cells of the fish retina.  

Interestingly, amacrine cells from the zebrafish retina express Cx43, indicating Cx43 may 

also be expressed in retinal neurons (Janssen‐Bienhold et al., 1998).  Other groups have 

further revealed that Cx43 is co-localised with GFAP in astrocytes and vimentin in Müller 

cells in adult rabbit and rat retinae (Johansson et al., 1999; Zahs et al., 2003).  Findings from 

transgenic mice with a lacZ-reporter gene replacing the Cx43 gene specifically in endothelial 

cells indicate that Cx43 is expressed in the endothelial cells in the ganglion cell layer and the 

outer plexiform layer, and colocalised with the blood vessel marker Von Willebrand factor 

(vWF) (Theis et al., 2001).  In human retinal tissue, Cx43 expression has been identified on 

GFAP-positive astrocytes in the ganglion cell layer and on the processes of glutamine 

synthetase-positive Müller cells.  Human retinal blood vessels and retinal pigment 

epithelium also strongly express Cx43 (Kerr et al., 2010). 

 

An abnormal expression of Cx43 has been found associated with many human health 

conditions and in many animal models for ocular diseases.  Cx43 immunoreactivity is up-

regulated in human retina from patients with glaucoma compared to normal retinal tissue 
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(Kerr et al., 2011).  Increased Cx43 expression is mainly in the astrocytes located in the 

retinal ganglion cell layer of peripapillary and mid-peripheral regions.  In the peripapillary 

region, up-regulated Cx43 is also expressed along GFAP-labelled Müller cell processes 

throughout the whole retina.  Retinal endothelial cells retain the same expression level of 

Cx43 in the glaucomatous retina as the controls (Kerr et al., 2011).  Elevated Cx43 

expression is detected in the rat retina, in parallel with changes in GFAP immuno-reactivity 

and ganglion cell loss following optic nerve injury (Chew et al., 2011).  

 

Down-regulation of Cx43 has been associated with a high-glucose environment.  Both 

protein and transcript Cx43 expression are decreased in human and bovine retinal pericyte 

cell cultures and rat microvascular endothelial cells cultured in high-glucose containing 

media (Sato et al., 2002; Li et al., 2003).  The Cx43 protein level decreases about 50% in 

bovine endothelial cells in culture when they are exposed to a high glucose concentration 

compared to the control (Fernandes et al., 2004).  Consistent with the in vitro data, 

streptozotocin-induced diabetic animals also have decreased Cx43 protein and transcript 

from four weeks onwards of the diabetes onset (Bobbie et al., 2010; Ly et al., 2011).  

However, it is of note that the Cx43 level is significantly up-regulated compared to control 

animals at two weeks of diabetes before it drops (Ly et al., 2011). 

 

Connexin43 expression in damaged tissue  Immediately after tissue injury, the immune 

system is activated around the injured region and responds to the events such as cell damage 

or tissue repair.  The immune response to injuries may be of two types.  The quick immune 

response involves direct activation of tissue-residential immune cells, mainly glial cells 

when considering the CNS.  The activated glial cells around the lesion may release 

secondary messengers, chemokines and cytokines including ATP, nitric oxide, glutamate 

and prostaglandin E2, which leads to increased permeability of the microvasculature (Xu et 

al., 2003; Abbott et al., 2006; Cronin et al., 2008).  The slower immune response involves 

local microvascular leakage and recruitment of leukocytes from the circulation.  An 

increased neutrophil count correlates with the extent of leakage of the capillary bed, for 

example, in skin wounds (Qiu et al., 2003; Coutinho et al., 2005; Mori et al., 2006). 
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In the CNS and the retina, the residential immune cells are mainly glial cells, including 

astrocytes, Müller cells and microglia cells.  Cx43 has been found to be highly expressed in 

glial cells and responds to damage as described above.  Up-regulation of Cx43 expression 

and/or reduced Cx43-formed junctional communication is generally seen in most injuries at 

the early stage.  Phosphorylation of Cx43 residues may contribute to the dysfunction of 

junctional channels and the opening of the hemichannels (Lampe et al., 2000; Cooper & 

Lampe, 2002).  Opening of Cx43-formed hemichannels leads to passage of secondary 

messengers onto adjacent cells through Ca2+ influx and ATP release, which may cause 

secondary damage following the initial tissue injury.  Altering the Cx43 response of glial 

cells may, therefore, ameliorate cell damage and improve or promote tissue repair following 

injury. 

 

Studies with Cx43-definicient (Cx43-/-) transgenic mice have shown that Cx43 protein plays 

a key role in the circulatory system (Reaume et al., 1995), and the expression of Cx43 in 

microvasculature in the CNS and in the retina also suggests its critical function in the 

nervous system (Theis et al., 2001).  Increased Cx43 expression in endothelial cells is 

associated with the inflammatory response.  Cx43 transcript has been found up-regulated in 

endothelial cell primary culture incubated with LPS (De Maio et al., 2002).  Increased 

junctional communication is essential for capillary endothelial cell migration following a 

mechanically induced wound in an in vitro monolayer cell culture model (Pepper et al., 

1989).  A later study has demonstrated that this increased junctional coupling is associated 

with increased expression of Cx43 protein and transcript (Pepper et al., 1992).  In addition, 

this endothelial cell coupling can be inhibited by genetically created chimeric connexin and a 

fusion protein, which leads to a significantly prolonged time being required for complete 

wound closure (Kwak et al., 2001).   

 

Cx43 expressed on the endothelial cell may also take part in the processes of guiding and 

adhesion of leukocytes in order for them to migrate from the circulation into the injured 

tissue.  For example, Cx43 expression has been found in LPS-treated leukocytes in vitro, and 

also in leukocytes obtained from the peritoneal cavity of LPS-injected animals (Jara et al., 

1995).  The process is likely to be driven by inflammation-induced expression of Cx43 in 

leukocytes forming heterotypic or homotypic intercellular gap junctional communication to 
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aid leukocyte migration from microvessels.  Furthermore, Cx43 expression has also been 

seen in leukemic cells from the human adult T-cell leukemia/lymphoma, a tumour 

characterised by its high frequency of cutaneous and visceral invasion (Bazarbachi et al., 

2004).  Direct adhesion and junctional communication has been detected between leukemic-

mimic cells and endothelial cells in cell culture models, which indicates a mechanism of 

tumour cell extravasation (Anderson & Vingrys, 2001; Bazarbachi et al., 2004).  The key 

roles of Cx43 in the residential cellular immune response, blood vessel leakage and 

circulating leukocyte recruitment further indicate that manipulating the function of Cx43 

may reduce tissue damage and/or improve tissue repair following injury. 

 

 

1.3.2  Modulation of connexin43 

 

While the role of connexin43 (Cx43) following injury and during recovery has been 

investigated in an extensive range of tissues, specific modulation of Cx43 expression or 

function has only recently become a very interesting means of treatment for various diseases.  

To date, Cx43 specific antisense oligodeoxynucleotides (AsODN) and Cx43 mimetic 

peptides are the two major strategies for specific attenuation of Cx43.  These have been 

studied in cell lines and in animal models of diseases, and even used to treat human health 

conditions. 

 

Cx43 AsODN   Cx43 AsODN decreases Cx43 protein levels at the process of 

transcription (Figure 1-9).  AsODN is a single-stranded synthesised DNA.  It has a sequence 

which enables it to hybridise specifically to Cx43 messenger RNA (mRNA).  This 

hybridisation stops the Cx43 mRNA sliding through cytoplasmic ribosome and translation 

into proteins.  The hybridised Cx43 AsODN/mRNA complex is then cleaved by RNaseH 

(Phillips et al., 2000).  AsODNs can be used as drugs and have a dose-response.  They have 

been reported to down-regulate the protein level by 15-50% (Phillips et al., 2000).  Pluronic 

gel, for slow release of drugs, has been established to provide an efficient way to deliver 

Cx43 AsODN onto chick embryos in windowed eggs and causes substantial developmental 
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defects.  The defects are shown more often in the areas with normally high expression levels 

of Cx43 protein (Becker et al., 1999). 

 

 
Figure 1-9. The mechanism of antisense oligonucleotides function.  The hybridisation of Cx43 
AsODN with Cx43 mRNA stops the Cx43 mRNA sliding through cytoplasmic ribosome and 
translation into proteins.  Binding of AsODN to mRNA also stimulates RNaseH to hydrolyse the 
mRNA and, thereby, reduces the total amount of mRNA.  This picture is adopted from (Phillips et 
al., 2000).  Copyright License Number: 3241110782311. 
 

Cx43 AsODN application significantly accelerates skin wound healing and reduces scarring 

(Coutinho et al., 2003; Qiu et al., 2003; Coutinho et al., 2005; Mori et al., 2006).  A single 

topical administration of Cx43 AsODN soaked gel dramatically increases wound closure in 

both incisional and excisional lesion mouse models (Qiu et al., 2003).  It also works 

efficiently on a burn lesion mouse model.  Wound repair is 50% more advanced in Cx43 

AsODN-treated wounds compared to the control at four days post-wounding (Coutinho et 

al., 2005). 

 

Cx43 AsODN has also been used for the treatment of corneal wounds in both an animal 

model and for human severe ocular surface burns, in parallel with the findings for skin 

wound healing (Grupcheva et al., 2012; Ormonde et al., 2012).  In a rat corneal endothelial 
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injury model, knock-down of Cx43 by AsODN increases the endothelial cell proliferation 

rate and reduces corneal fibrosis by inhibiting the endothelial-mesenchymal transformation 

(Nakano et al., 2008).  Cx43 AsODN significantly improves the rate of reepithelialisation of 

the wound bed from mechanical scrape wounding.  In excimer laser ablation wounds, Cx43 

AsODN-treated rats exhibit less epithelial hyperplasia and stromal edema, and 

reepithelialisation occurs 24 hours earlier than in untreated animals (Grupcheva et al., 2012).  

The results from five compassionate use human cases of Cx43 AsODN-treated severe ocular 

chemical or thermal burns are exciting.  All five subjects did not show corneal recovery with 

best-practice clinical management in 1-8 weeks post-injury.  With either one or two 

administrations of Cx43 AsODN, all five subjects showed rapid recovery of the vascular bed 

and full restoration of ocular surface integrity (Ormonde et al., 2012). 

 

Cx43 mimetic peptide   Connexin mimetic peptides are short synthetic amino acid 

peptides designed against sequences matching regions of either of the two extracellular loops 

(Evans & Boitano, 2001).  By targeting the extracellular domains, the mimetic peptides 

interfere with either docking or gating processes of docked hemichannels located in the 

plasma membrane of the adjacent cells and impair intercellular communication (Berthoud et 

al., 2000).  It is unlikely that mimetic peptide separates formed gap junctions into the 

constituent hemichannels as docked gap junction connexons are difficult to separate (Evans 

& Boitano, 2001).  Mimetic peptides may work on gap junctions in the intercellular space 

between neighbouring cells and lead to internalisation and breakdown of the gap junction 

(Evans & Boitano, 2001).  More recent studies suggest that Cx43 mimetic peptides regulate 

cellular plasma membrane permeability through working on hemichannels (Retamal et al., 

2007; O'Carroll et al., 2008).  In this section of “Cx43 mimetic peptide”, two topics will be 

discussed.  First, there is a brief review on all the Cx43 mimetic peptides that have been 

designed and studied up to date.  Second, a review of previous investigations on one specific 

Cx43 mimetic peptide, peptide5, is presented. 

 

There are about seven mimetic peptides designed against Cx43, which have been established 

to be efficient inhibitors of gap junction communication and/or hemichannels (Table 1-1).  

The first and most widely studied two mimetic peptides against Cx43 are Gap 26 and Gap 

27.  These two peptides are designed against extracellular loop 1 and loop 2 respectively.  
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They are efficient in interrupting synchronous beating of chick embryonic cardiomyocytes 

(Warner et al., 1995).  Both Gap 26 and 27 also exhibit an inhibitory effect on rhythmic 

vasomotor activity of smooth muscle cells of rabbit superior mesenteric artery (Chaytor et 

al., 1997).  Gap 27 has an inhibitory effect on endothelium-dependent relaxation of rabbit 

arteries and endothelium-dependent smooth muscle hyperpolarisation/relaxation (Chaytor et 

al., 1998; Dora et al., 1999).  Activated microglial cells show up-regulation of Cx43 

hemichannel activity on astrocyte membrane permeability, and Gap 26 and 27 have been 

found to inhibit the effects of Cx43 hemichannel opening and to stabilise the cellular 

membrane (Retamal et al., 2007).  In vivo studies have found that a single jugular vein 

injection of Gap 26 or 27 significantly reduces the infarction size in rat myocardial infarction 

models (Hawat et al., 2012).  However, the sequences of Gap 26 and 27 are not specific to 

Cx43.  The majority sequence part of Gap 27 (SRPTEK) is also expressed in Cx37 and 

Cx40.  Therefore, these mimetic peptides may also work on other connexin proteins (Dora et 

al., 1999; Evans & Boitano, 2001). 

 

Another Cx43 mimetic peptide is designed against extracellular loop 2 (P180-195), which 

has shown to decrease diffusion of the fluorescent tracers Lucifer Yellow in embryonic rat 

aortic smooth muscle cells (Kwak & Jongsma, 1999).  This peptide also suppresses the 

function of progesterone production in rat ovarian granulosa cells by inhibiting Cx43 activity 

(Ke et al., 2005).  A distinct Cx43 mimetic peptide corresponding to extracellular loop 1 has 

also been investigated (Mendoza-Naranjo et al., 2007).  This peptide blocks intercellular dye 

transfer between adjacent cells and diminishes the capacity for human dendritic cells to 

acquire tumour antigen from neighbouring cells (Mendoza-Naranjo et al., 2007). 

 

A peptide mimetic of the carboxyl terminal of Cx43, named αCT1, has been reported 

(Hunter et al., 2005; Soder et al., 2009; O'Quinn et al., 2011).  This mimetic peptide is 25 

amino acids long and designed against the last 9 amino acids (374-382 residues) of the Cx43 

carboxyl terminus.  αCT1 also contains a cell-permeabilisation sequence, which allow the 

peptide to easily travel through the cellular membrane and bind to the carboxyl tail in the 

cytoplasm (Hunter et al., 2005).  αCT1 has been shown to modulate wound-healing 

processes in a rat silicone implant model and to reduce the inducible-arrhythmia in a mouse 

model following cardiac injury (Soder et al., 2009; O'Quinn et al., 2011). 
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A recent study has shown that intercellular administration of a Cx43 mimetic peptide 

designed against a calmodulin binding site on the cytoplasmic loop stops hemichannels 

docking and gap junction formation in neonatal mouse myocytes (Xu et al., 2012).  

Although this peptide shows efficient blocking effects of Cx43 gap junctions, the delivery 

method may limit its potential usage as a therapeutic drug. 

 

Table 1-1. Cx43 mimetic peptides 

Sequence/Amino acid site Location/Domain  Reference 

VCYDKSFPISHVR (Gap 26) Extracellular loop 1 (Chaytor et al., 1997) 

SRPTEKIFII (Gap 27) Extracellular loop 2 (Chaytor et al., 1997) 

P180-195 Extracellular loop 2 (Kwak & Jongsma, 1999) 

RPRPDDLEI (αCT1) Carboxyl terminal (Hunter et al., 2005) 

CNTQQPGCENVCY Extracellular loop 1 (Mendoza-Naranjo et al., 2007) 

VDCFLSRPTEKT (peptide5) Extracellular loop 2 (O'Carroll et al., 2008) 

Amino acids 136-158 Cytoplasmic loop  (Xu et al., 2012) 

 

The Cx43 mimetic peptide used for experiments described in this thesis is named peptide5 

here to distinguish it from other mimetic peptides.  Peptide5 was designed against the last 

several amino acids of extracellular loop 2.  The first study with this Cx43 mimetic peptide 

has demonstrated that it significantly reduces tissue damage following spinal cord injury in 

an in vitro organotypic culture model (O'Carroll et al., 2008).  It has been shown to reduce 

tissue swelling and astrogliosis with less GFAP immunoreactivity compared to the sham-

treated control after mechanical injury.  Peptide5 also significantly improves neuron survival 

seen as more neuronal N- and neurofiliment H-positive cells (O'Carroll et al., 2008).  

Interestingly, the same study also compared peptide5 and Gap 27 in the spinal cord in vitro 

organotypic culture where peptide5 is more effective at reducing tissue swelling (O'Carroll 

et al., 2008).  A further study with peptide5 on another organotypic culture model, 

hippocampal slice cultures, prevents the tissue from epileptiform lesion spread and promotes 

cell survival (Yoon et al., 2010).  The remarkable finding is that peptide5 shows a protective 

effect during the primary damage that mimics epileptiform seizures (Yoon et al., 2010). 

 

In addition to the in vitro evidence, peptide5 has also been shown to improve outcomes and 

protect tissue from damage after injury in various animal models (Danesh-Meyer et al., 
41 

 



 

2012; Davidson et al., 2012a; Davidson et al., 2012b).  Local administration of peptide5 via 

an external pump significantly improves electroencephalographic power and brain function 

in a model of sheep fetal global cerebral ischemia induced by bilateral carotid artery 

occlusion, although neuron survival has not been shown to be significantly improved 

(Davidson et al., 2012a).  A further study has shown that peptide5 delivered systemically has 

powerful neuroprotective effects for retinal ganglion cells in a rat model of retinal ischemia-

reperfusion (Danesh-Meyer et al., 2012). 

 

Peptide5 selectively works on Cx43 hemichannels and stops the opening of hemichannels at 

low concentration (5 µM) and non-selectively works on both hemichannels and gap 

junctional channels at higher concentration (500 µM) (O'Carroll et al., 2008).  Evidence for 

this comes from in vitro results.  The NT2/D1 cell line is a human testicular embryonal 

carcinoma cell line, which has high levels of Cx43 expression.  Incubating with peptide5  

(5 or 500 µM) in low calcium levels significantly inhibits dye uptake into NT2/D1 cells and 

the inhibition level is comparable with incubating with non-specific connexin hemichannel 

blockers, such as carbenoxolone and lanthanum chloride.  At higher concentrations of 

peptide5 only, is dye transfer between cells blocked (O'Carroll et al., 2008).  Up-regulation 

of Cx43 expression has been detected in and associated with dysfunction of astrocytes and 

blood vessels in all the models following injury (O'Carroll et al., 2008; Yoon et al., 2010; 

Danesh-Meyer et al., 2012; Davidson et al., 2012a).  Therefore, it is suggested that peptide5 

protects the tissue from the damage resulting from the inflammatory response that follows 

the primary injury (Danesh-Meyer et al., 2012). 
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1.4  Age-related macular degeneration 
 

Age-related macular degeneration (AMD) clinically presents as central vision loss, affecting 

the region of the retina required for detailed vision tasks such as reading and face 

recognition.  Pathological change in AMD is characterised by the accumulation of 

extracellular deposits between the pigment epithelium and the choroid, called drusen.  

During early AMD, drusen can be hard with distinct margins, and the presence of drusen 

represents the dry form of AMD.  Subsequently, choroidal neovascularisation (CNV) 

develops and is accompanied by vascular leakage, which is characterised as wet AMD (de 

Jong, 2006).  Clinically, AMD is classified into three stages: retinal pigment epithelium 

detachment (PED), geographic atrophy (GA) and CNV (Figure 1-10) (Bird, 2010).  Retinal 

pigment epithelium detachment is the early stage of dry AMD, in which drusen accumulates 

between the RPE and Bruch’s membrane.  Patients with retinal pigment epithelium 

detachment do not necessarily have marked vision loss (Bird, 2010).  GA is the late stage of 

dry AMD.  It is characterised by one or several well-defined areas of RPE and photoreceptor 

atrophy.  GA tends to progress with time.  Patients with GA usually show severe vision loss 

(Bird, 2010; Biarnés et al., 2011).  CNV is characterised by drusen deposition, subretinal and 

choroidal haemorrhage, and fibrotic scarring (Jager et al., 2008).  
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Figure 1-10. Fundus images showing different stages of AMD.  A: Normal right eye.  B: Drusen 
in early AMD.  Large drusen can be seen.  C: Early AMD pigmentation irregularities.  D: 
Geographic atrophy (GA) in late stage of dry AMD.  E: Choroidal neovascularisation (CNV) in late 
AMD.  F: A permanent macular scar in late AMD.  This image is adopted from (Khandhadia et al., 
2012).  Copyright License Number: 3241111063828. 
 

AMD is a multi-factorial disorder with many risk factors involved in triggering the disease.  

Research data has been accumulating on this age-related and vasculature-related disease (Xu 

et al., 2009; Lin et al., 2011; Coorey et al., 2012).  These suggest that there are several 

features of AMD that could be managed.  The following paragraphs are mainly focused on 
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inflammatory responses and vascular changes involved in the pathogenesis of AMD.  

Recently findings on changes in intercellular communication in AMD are also included. 

 

 

1.4.1  Inflammatory responses in AMD 

 

Lipofuscin is related to lysosomal function along with photoreceptor phagocytosis and 

digestion in the RPE.  The amount of lipofuscin in human RPE tends to increase with age 

(Weiter et al., 1986).  Lipofuscin deposits in the RPE and on Bruch’s membrane, where 

drusen forms, indicating its association with drusen and AMD pathogenesis.  

Histochemically, drusen contains a mixture of protein, lipid and lipoprotein, including 

complement factors (C1q, C3a and C5a), complement regulators (complement factor H, 

clusterin, vitronectrin), immunoglobulins and apolipoprotein E (Johnson et al., 2001; Lotery 

& Trump, 2007).  These components suggest that drusen results from an inflammatory 

element in AMD development (Anderson et al., 2002a).  Two components in the retinal 

immune system are mainly involved, the complement system and the residential glial cells.  

Both have been identified to play important roles in the pathogenesis of AMD (McGeer et 

al., 2005).  

 

Complement factor H (CFH), one of the complement regulatory factors, is the first 

complement protein implicated in the pathogenesis of AMD (Hageman et al., 2005).  It is 

associated with 50-70% of cases of AMD in population studies (Edwards et al., 2005; 

Haines et al., 2005; Klein et al., 2005; Gold et al., 2006).  CFH is present in drusen, in the 

sub-retinal space and around the capillaries in the choroid (Hageman et al., 2005).  Some 

variants of the CFH gene also have a close association with the pathology of AMD 

(Hageman et al., 2005).  The membrane-attack complex (MAC), formed after full activation 

of each complement pathway, has been found in drusen and in the RPE-choroid interface in 

AMD eyes (Mullins et al., 2000; Hageman et al., 2005).  MAC leads to cell lysis through the 

formation of transmembrane pores.  Another gene associated with AMD is complement 

component 1 (C1), which is the trigger for the classical complement pathway.  The C1q 

subunit has been detected using immunohistochemistry in choroidal neovascular membranes 
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surgically removed in wet AMD patients (Baudouin et al., 1992; Lommatzsch et al., 2008).  

Complement component 3 (C3) is the key component in the complement system.  All three 

complement pathways (classical, lectin and alternative pathways) result in cleavage of C3 

into C3a and C3b.  Deposition of C3 is also found in surgically removed choroidal 

neovascular membranes (Baudouin et al., 1992; Lommatzsch et al., 2008).  Plasma levels of 

C3a in AMD patients have been found to be elevated compared to the control group, which 

may suggest that systemic complement activation can trigger AMD development 

(Sivaprasad et al., 2007; Scholl et al., 2008).  C3 gene variants are highly associated with 

AMD in both English and Scottish populations (Yates et al., 2007).  Cleavage of 

complement component 5 (C5) into C5a and C5b is a marker of activation of the terminal 

complement pathway (Khandhadia et al., 2012).  Elevated plasma levels of C5a have been 

shown to be significantly associated with AMD (Reynolds et al., 2009; Hecker et al., 2010).  

Interestingly, a recent study has reported that C5a promotes the expression of interleukin 

(IL)-22 and IL-17 on T lymphocytes which may contribute to the increased plasma levels of 

IL-22 and IL-17 seen in AMD patients (Liu et al., 2011).  These interleukins have been 

shown to induce apoptosis and cellular dysfunction of RPE in vitro (Li et al., 2008; Liu et 

al., 2011). 

 

Residential glial cells of the retina include microglia and macroglia.  The retinal macroglia is 

mainly comprised of Müller cells and astrocytes (Coorey et al., 2012).  In AMD donor 

tissue, microglia have been shown to be enlarged and amoeboid-shaped.  They migrate from 

the inner retina to the outer retina and subretinal space, which may be associated with 

photoreceptor degeneration and removal of cell debris (Gupta et al., 2003; Buschini et al., 

2011).  In dry AMD (GA and PED), microglia immunoreactivity has been found to be 

greatly increased (Penfold et al., 1997).  Activated microglia have secretory functions and 

may “cross-talk” with endangered neurons by secretion of pro-inflammatory cytokines, 

chemokines, complement receptors and chemokine receptors (Langmann, 2007).  One 

chemokine receptor located on microglia has been found closely associated with AMD, the 

CX3CR1 chemokine receptor (Ding et al., 2009).  CX3CR1 is a protein that binds the 

chemokine ligand 1 (CX3CL1) and is involved in leukocyte adhesion and migration 

(Buschini et al., 2011).  Two variants of CX3CR1 are involved in harbouring single 

nucleotide polymorphisms (SNPs)-associated variants of complement proteins, which are 
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closely linked to AMD (Tuo et al., 2004).  A further study has demonstrated that one of the 

variants increases the risk of AMD, but not the other (Combadière et al., 2007).  In addition 

to secretion from activated microglia to support neurons, endangered neurons may also emit 

signals to microglia for assistance (Hanisch & Kettenmann, 2007).  Many cytokines and 

chemokines, Ca2+ elevation, ATP elevation and nitric oxide can increase microglia activity 

(Nakamura, 2002).  In addition, a recent study has reported that some neurotransmitters are 

able to modulate microglia activity in an indirect way (Fontainhas et al., 2011).  The 

ionotropic glutamatergic neurotransmission increases the activation of microglia and the 

ionotropic GABAergic neurotransmission decreases microglia activity (Fontainhas et al., 

2011). 

 

In addition to microglia, astrocytes and Müller cells also have been found to play important 

roles in the pathogenesis of AMD.  GFAP is a common marker for astrocytes in the ocular 

tissue, and in the normal retina, Müller cells express little or no GFAP (Dahl, 1979).  An 

early report has shown that GFAP-immunoreactivity is associated with Müller cells in AMD 

donors, but absent in normal young and aged donor tissues (Madigan et al., 1994).  A later 

study has further clarified that increased GFAP-immunoreactivity is associated with AMD, 

and Müller cells express GFAP in both early (retinal pigment epithelium detachment) and 

late stages (geographic atrophy) of dry AMD (Wu et al., 2003).  Interestingly, some neurons, 

such as amacrine cells have been noticed to migrate from the inner retina into the outer 

retina, and this migration is associated with increased GFAP-immunoreactivity (Sullivan et 

al., 2003).  This may suggest a key role of Müller cells in neuronal migration and retinal 

remodelling (Jones & Marc, 2005).  An investigation into astrocytes in human AMD donor 

tissue has suggested that the processes of astrocytes in AMD do not show any difference 

from the normal aged retina.  However, the cell bodies are enlarged, suggesting its 

phagocytosis activity (Ramı́rez et al., 2001).  Astrocytes are also, in conjunction with 

pericytes, involved in maintaining the structure and function of the blood-retinal barrier 

(Paula et al., 2010; Runkle & Antonetti, 2011).   
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1.4.2  Vascular factor in AMD 

 

AMD is recognised as a vascular disease and blood vessel changes are highly associated 

with the pathogenesis and progress of the disease (Coorey et al., 2012).  In early stages of 

AMD, a greater number of non-functional retinal capillaries have been detected using 

histological methods, and they have thicker vascular walls compared to those in the normal 

aged retina (Ramı́rez et al., 2001).  Dysfunction of the choriocapillaris may contribute to the 

formation of drusen and atrophy of RPE (Penfold et al., 2001; Bhutto & Lutty, 2012).  A 

hemodynamic model has also suggested that the increased resistance of blood flow in the 

choroid may contribute to the accumulation of metabolic waste and the deposit of drusen and 

lipofuscin (Friedman, 1997; Bhutto & Lutty, 2012).  In hypertension and cardiovascular 

diseases there is constriction of blood vessels with increased resistance to blood flow.  Many 

population studies have found that hypertension and cardiovascular diseases are high risk 

factors associated with AMD (Hyman et al., 2000; Tan et al., 2007; Hogg et al., 2008; 

Carresi et al., 2009).  Furthermore, a study of human donor tissues with late stage dry AMD 

has shown that the density of the choriocapillaris is reduced by 50% in the areas with RPE 

loss compared to the same area in the control eye (McLeod et al., 2002).  The surviving 

choriocapillaris in the RPE atrophy area are highly constricted (McLeod et al., 2002).  Nitric 

oxide (NO) is an important molecule for vasodilation in blood vessels.  It is mainly produced 

by nitric oxide synthases (NOSs) located in endothelial cells and perivascular nitrergic 

neurons (Alderton et al., 2001).  Low expression of nitric oxide synthases (NOSs) in AMD 

leading to low production of NO, may contribute to the constriction in the choriocapillaris 

(Bhutto et al., 2010).  In wet AMD, similarly, a 50% reduction in choriocapillaris density 

has been noticed in areas with complete RPE loss (McLeod et al., 2009).  However, the 

luminal diameters of the remaining choriocapillaris in the RPE atrophy area are not 

significantly different to those in control eyes (McLeod et al., 2009).  This finding suggests 

that some angiogenesis factors may be involved in the disease progress and development of 

the late stage of AMD (Bressler, 2009; McLeod et al., 2009; Bhutto & Lutty, 2012). 

 

Surviving RPE in dry AMD has been suggested to be associated with development of 

choroidal neovascularisation (CNV) (Sunness et al., 1999).  A four-year study on 

determining the rate of developing CNV from eyes with geographic atrophy (GA) with an 
48 

 



 

annual follow-up has demonstrated some interesting results (Sunness et al., 1999).  One 

patient had both eyes with GA.  CNV developed in one eye in areas with surviving RPE 

while no CNV developed in the other eye with GA and instead the RPE and Bruch’s 

membrane were penetrated (Sunness et al., 1999).  Another patient from the same study had 

retinal pigment epithelium detachment (PED) prior to GA in both eyes.  CNV developed in 

one in which the PED resolved while the other eye remained with only GA (Sunness et al., 

1999).  In GA, reduction of the choriocapillaris may lead to hypoxia in the local 

microenvironment.  Local hypoxia may up-regulate the production of VEGF by RPE cells 

(Blaauwgeers et al., 1999).  In human donors with age-related maculopathy, expression of 

VEGF is significantly increased in the RPE compared with the normal control (Kliffen et al., 

1997).  Various isoforms of VEGF (A, C and D) have also been identified in the RPE of a 

human AMD donor while they are absent in age-matched controls (Ikeda et al., 2006).  Both 

transcription and protein translation of VEGF-A are up-regulated under hypoxia in vitro 

(Ikeda et al., 2006).  Animal models with an over-expression of VEGF in the RPE exhibit 

CNV and enhanced vascular leakage (Spilsbury et al., 2000; Schwesinger et al., 2001).  

 

 

1.4.3  Current management for AMD 

 

The pathogenesis of AMD is complicated and multiple risk factors are involved.  So far, 

there is no strategy that can cure AMD or even a particularly effective treatment for AMD.  

Current management for the disease is focused mainly on the late stage CNV.  However, 

there are some established and potential approaches under investigation.  They are listed 

below. 

 

Intravitreal injection of anti-angiogenic agents  This is the primary therapy for CNV.  

Targeting vascular endothelial growth factor (VEGF) and its pathway is the traditional way 

of generating anti-angiogenic agents.  This procedure has been established to be clinically 

efficient.  One type of agents countering the function of VEGF is pegaptanib sodium 

(Macugen), which is a small interfering RNA molecule (siRNA) targeting VEGF165, the 

most abundant variant of VEGF-A (Konerding, 2004; Nowak, 2006).  VEGF antagonists 
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such as specific antibodies against either a particular VEGF-A isoform 

(bevacizumab/Avastin) or all the isoforms of VEGF ranibizumab/rhuFab V2/Lucentis) have 

positive effects on reducing vascular leakage in CNV (Nowak, 2006).  In addition to the 

siRNA and antibodies, corticosteroid (triamcinolone acetonide) is also used in CNV.  Its 

anti-inflammatory effect can inhibit the formation of prostaglandins and leukotrienes 

(Maloney et al., 2007).  A novel cortisone, anecortave acetate (Retaane), devoid of 

glucocorticoid activity, which shows a clear advantage over triamcinolone, has effects on 

inhibiting vascular endothelial cell migration, thereby inhibiting progress of CNV (Nowak, 

2006; Maloney et al., 2007). 

 

Photodynamic therapy  This therapeutic method involves intravenous infusion of 

verteporfin, a photosensitive dye, followed by activation of the dye using infrared light (Lim 

et al., 2012).  Verteporfin accumulates on the neovascular membranes and its activation 

process generates reactive singlet oxygen species which result in direct damage to the 

endothelium (Nowak, 2006; Lim et al., 2012).  Based on a 343 patients study in New 

Zealand, this treatment has been shown to be effective, with 70% verteporfin-treated patients 

avoiding moderate vision loss in 12 months compared to 46% placebo group reported 

previously (Sharp et al., 2007; Hagigit et al., 2010).  Photodynamic therapy was introduced 

in the late 1990s but is rarely used now (Lim et al., 2012).  It has many adverse events, 

including a 4% chance of acute severe vision loss (Lim et al., 2012). 

 

Laser photocoagulation  This treatment is to create closure of the newly formed blood 

vessels in CNV by using an argon laser (Lim et al., 2012).  Laser photocoagulation is 

effective in preventing long-term severe vision loss in eyes with small classic extra-foveal 

and juxta-foveal choroidal neovascularisation lesions (Lim et al., 2012). 

 

Nevertheless, further molecular targets need to be identified for the management of AMD, 

especially treatments for the early stage of this disease.  Since considerable research has 

been done on intercellular communication in the central nervous system, this field can be 

explored in the retina and choroid, with the hope of finding a novel therapy for early stages 

of AMD.  Animal models are a useful research tool for investigating human health 

conditions.  I chose the intense light-exposed albino rat as the animal model for this thesis.  
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1.5  Intense light-exposed albino rat as an animal model for AMD 
 

In the 1960s, Noell et al. reported that intense fluorescent light was able to cause retinal 

degeneration (Figure 1-11) (Noell et al., 1966).  It has since been demonstrated that 

prolonged light exposure can cause severe damage in the retina.  Electroretinograms (ERG) 

were used in Noell’s study for analysis of photoreceptor function.  Albino rats exposed to 

intense fluorescent light with a green plastic filter for four hours had decreased a-waves and 

b-waves.  The damage started to show immediately after light exposure and became 

progressively severe from 24 hours up to 3-4 weeks post-exposure (Noell et al., 1966).  

More interestingly, the same amount of total light exposure duration interrupted with dark 

intervals generate more severe damage than continuous light exposure without interruptions 

(Noell et al., 1966).  Histological analysis showed that a continuous four-hour, intense 

fluorescent light exposure caused loss of photoreceptors and pigment epithelium, and 

breakage of the Bruch’s membrane, in a pattern similar to that is found in age-related 

macular degeneration (AMD) patients (Noell et al., 1966; Marc et al., 2008).  More detailed 

pathological changes in light-induced retinal degeneration in albino rats were studied and 

reported by Robert Marc in 2008.  He found that light damage triggered retinal pigment 

epithelium and choriocapillaris losses, changes to Müller cells, and retinal neuron death.  

The damage was regional, mainly limited to the central and superior area of the retina.  The 

entire lesion closely resembled the human retinal atrophy that occurs in human AMD (Marc 

et al., 2008).  Although the light-induced retinal damage in the albino rats has been 

extensively used as a good model for investigating mechanisms of retinal degeneration (Ng 

& Streilein, 2001; Marc et al., 2008; Rutar et al., 2010) and assessing the efficacy of various 

therapeutic compounds (Xu et al., 2008a; Albarracin et al., 2011), the mechanisms of retinal 

degeneration induced by light damage remain unclear. 
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Figure 1-11. Rat retinal sections stained with toluidine blue showing the photoreceptor 
degeneration following light-damage.  The light-damaged (LD) retina shows an obvious thinner 
outer nuclear layer (ONL) compared to the control (Albarracin et al., 2011).  Copyright License 
Number: 3266170870812. 
 

 

1.5.1  Altered metabolic function in both photoreceptors and Müller cells 

 

Continuous intense light exposure may cause alterations in retinal metabolic functions (Fain 

& Lisman, 1993; Yu et al., 2007).  Agmatine, an endogenous neuromodulator, is packaged 

and released into synapses upon neuronal depolarisation, and it may become unregulated 

under stress and inflammatory conditions (Halaris & Plietz, 2007).  It is a marker for 

assessing photoreceptor cation channel permeability (Kalloniatis et al., 2002; Acosta et al., 

2005a).  Light damage increases the expression level of agmatine in the albino rats, 

indicating changes in photoreceptor metabolic function (Yu et al., 2007).  Studies have 

shown that extracellular pH modulates photoreceptor output synapse and the release of 

neurotransmitters (Barnes et al., 1993; DeVries, 2001).  Light damage induces elevation of 
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cations (i.e. H+) in the retina and thereby affects the functions of photoreceptors (Ugarte & 

Osborne, 1999; Ettaiche et al., 2004).  Continuous intense light also causes alterations in 

Müller (glial) cells in the retina (Grosche et al., 1995; Yu et al., 2007).  Glutamine 

synthetase (GS) is confined exclusively to the Müller cells in rat retina (Riepe & Norenburg, 

1977) where it plays a role in inactivating the photoreceptors’ neurotransmitter, glutamate, 

and transforming it into glutamine.  The expression of GS has been found to be reduced in 

isolated Müller cells from the light-damaged rat retinae (Grosche et al., 1995).  Intense light 

exposure in rats led to morphological changes in the Müller cells, including distal migration 

of the nuclei and cell hypertrophy (Jones et al., 2006).  Vimentin is a specific marker of 

astrocytes in the normal retina (Pekny, 2001), but Müller cells also express high levels of 

vimentin following intense light exposure (Albarracin & Valter, 2012). 

 

Prolonged light exposure leads to an increased metabolic rate, high oxygen flux and 

occurrence of high levels of polyunsaturated fatty acid (PUFA) in the retina (Yu & Cringle, 

2001).  Docosahexaenoic acid (DHA) is the most preferentially used n-3 PUFAs and is 

efficiently transferred from blood lipids to the outer segments (Pifferi et al., 2012).  DHA is 

generated from the metabolism and is more abundant in rod outer segments than in any other 

mammalian membrane (Fliesler & Anderson, 1983).  In many animal models of retinal 

degeneration, low membrane DHA levels are detected (Anderson et al., 2001; Anderson et 

al., 2002b).  Interestingly, low retinal DHA protected albino rats from intense light exposure.  

These metabolic alterations in the light-damaged animal model match the changes observed 

in human AMD (Bidwell III & Raucher, 2010).  

 

 

1.5.2  Rhodopsin bleaching 

 

Noell et al. has suggested that the damage induced by light is rhodopsin-mediated (Noell et 

al., 1966).  A later study has shown that the damaging effect of light followed the rhodopsin 

absorption curve.  The extent of damage depended on the wavelength relevant to the 

rhodopsin absorption curve (Kaitz & Auerbach, 1979).  The rhodopsin levels are matched to 

dark adaptation.  Dark-reared albino rats had about 50% higher rhodopsin content (Battelle 

53 

 



 

& LaVail, 1978) and are more susceptible to light damage (Penn et al., 1987) than those 

reared in cyclic light.  The suggestion that rhodopsin bleaching is associated with damage 

from light is supported by other findings.  Two different types of rhodopsin-deficient 

transgenic mice (Rpe65–/– and Rho–/–), with and without expression of the apoprotein opsin 

respectively, are both protected against light-induced apoptosis in the retina (Grimm et al., 

2000b).  Therefore, light could be the trigger for retinal degeneration and the absence of 

rhodopsin in photoreceptors could lead to protection against light damage. Yet, vision starts 

with the bleaching of rhodopsin and therefore the balance between physiological vision 

process and retinal damage is a naturally accruing process.  Studies have shown that 

excessive exposure to blue light and visible light in early human life could increase the risk 

of AMD in later life (Taylor et al., 1990; Taylor et al., 1992; Simons, 1993; Tomany et al., 

2004).  Another human study based on more than four thousand participants has reported 

that there is a significant association between blue light exposure and vascular AMD 

(Fletcher et al., 2008).  In addition, a study has demonstrated that a black population showed 

a lower risk of getting AMD than did a white population (Schachat et al., 1995).  The most 

accepted theory on the retinal damage caused by photo-bleaching is that it is due to the 

consequence of released oxidants from photoreceptors responding to light. 

 

 

1.5.3  Photo-oxidative stress 

 

Like many other sources of reactive oxygen species (ROS), including radiation, toxic 

chemicals and drugs, light triggers rhodopsin bleaching and generates ROS as side-products 

in the retina.  The reactive species include lipid peroxidation, which leads to membrane 

instability (Delmelle, 1977).  The constant phagocytosis and degradation of rod outer 

segments results in an accumulation of the oxidative damage in the RPE.  

 

Lipofuscin is an autofluorescent lipid-protein deposit.  It occurs naturally and is believed to 

be associated with aging.  Its presence was confirmed in human RPE where it is typically 

located in the basal half of the RPE cells in older individuals (Feeney-Burns et al., 1980).  

Intense blue light exposure increases photoreactivity and the presence of lipofuscin in human 
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RPE cells in vitro (Rózanowska et al., 1995).  Another study has demonstrated that the 

apoptosis of RPE caused by blue light was mediated by lipofuscin fluorophore A2E 

(Sparrow et al., 2000), which is present in ocular lipofuscin (Sakai et al., 1996; Reinboth et 

al., 1997).  It has been suggested that singlet oxygen is involved in the RPE damage, either 

directly or through the generation of A2E.  This is supported by results showing that the 

death of A2E-containing RPE induced by blue light can be blocked in oxygen-depleted 

media (Sparrow et al., 2002).  In addition, in vivo data from macaque retinas also showed 

that visible light induced permanent RPE damage which was thought to be via photo-

oxidation of lipofuscin (Morgan et al., 2008).  Permanent retinal injury caused by laser 

exposure was demonstrated in brown Norway rats which exhibit an age-related accumulation 

of lipofuscin (Boretsky et al., 2011).  Photo-oxidative stress mainly involves generating 

ROS in the photo-transduction pathways and RPE damage from excess ROS, possibly 

through lipofuscin or other reactive photo-products.  Lipofuscin and other oxidised 

phospholipids are implicated in stimulating inflammatory responses, especially activation of 

the innate immune response. 

 

 

1.5.4  Inflammation 

 

Oxidatively modified lipids can be recognised by the macrophages and other phagocytes 

which form the first line of immune defence in the body.  Identifying the enhanced activity 

of retinal glial cells is a critical approach in determining inflammatory responses in light 

damaged ocular tissue.  Astrocytes show enhanced activity in the albino rat retina after 

intense light exposure.  GFAP immuno-reactivity significantly increased following light 

damage, and the staining expands from the nerve fibre layer in the normal control tissue to 

the outer retinal layers in the light-damaged retina (Figure 1-12) (Rutar et al., 2010).    
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This image is blocked due to copyright issues.  Please refer to the hard copy of the thesis 

for the details of the image. 

 

 

Figure 1-12. Light-damaged rat retina shows increased GFAP immunoreactivity in Müller 
cells.  A: GFAP immunoreactivity in the control rat retina without intense light exposure.   
B: Increased GFAP immunoreactivity in the retina after 24 hours intense light exposure.   
C: Dramatically increased GFAP immunoreactivity throughout all retinal layers at 3 days after 24 
hours intense light exposure.  Images are adopted from (Rutar et al., 2010).  
 

Microglia also respond rapidly to light damage (Figure 1-13).  In normal rat retina, microglia 

are limited in the inner plexiform layer, outer plexiform layer and ganglion cell layer and the 

primate retina has microglia in the outer nuclear layer and nerve fibre layer in addition to the 

layers listed in the rat retina (Ashwell et al., 1989; Chen et al., 2002).  The subretinal space 

is the area between the photoreceptors and the RPE, which is devoid of immune cells under 

physiological conditions (Xu et al., 2009).  Many results have demonstrated that intense 

light exposure is a sufficient stimulus to turn microglia from resting-phase to activated-

phase.  In albino mice exposed to bright light (500 Lux), 5D4-positive microglia were 

observed in the subretinal space (Ng & Streilein, 2001).  Pigmented Balb/cJ mice exposed to 

intense light (3500 Lux) for a short period (3 hours) showed activation and migration of the 

microglia from 6 hours to 3 days after the light exposure.  The morphology of CD11b-

positive microglia presented a round or oval shape from 6 hours to 1 day and changed to be 

ramified 3 days after light exposure (Zhang et al., 2005).  24 hours intense light exposure 

(1000 Lux) leads to ED1-positive macrophages being detected in the retinal vasculature and 

underlying the choriocapillaris in the choroid in albino rats immediately after exposure.  

These cells were then detected in the outer nuclear layer by 3 days after light damage (Rutar 

et al., 2010).  Inhibition of microglia activation by delivering minocycline protected 

photoreceptor loss from light damage (Zhang et al., 2004).  
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Figure 1-13. Reactive microglia shown in the rat retina following light damage.  Increased 
microglia activity observed in the light-damaged rat retina.  The images show microglia immuno-
labelled with OX42 antibody.  A-C: retina cross sections; D-F: retina flat-mounts.  A&D: normal rat 
retinae without intense blue light exposure; B&E: rat retinae at 1 day after 24 hours intense blue light 
exposure; C&F: rat retinae at 7 days after 24 hours intense blue light exposure.  Images are adopted 
from (Ni et al., 2008).  Copyright License Number: 3266170954731. 
 

More excitingly, these research findings on microglia/macrophage activation from the light-

damaged animal models are comparable with many results from aging studies.  Major 

histocompatibility complex (MHC) class II- and ED1-positive microglia, activated T cells, 

and monocyte-like cells were found in aged (24 to 30 months old) albino rat retinas (Chan-

Ling et al., 2007).  Aged pigmented mice also showed Iba-1-and ED1-positive microglia in 

the subretinal area (Xu et al., 2007; Xu et al., 2008b).  Microglial activation and migration 

have been observed in a transgenic animal model of AMD, the rd mice.  The microglia 

migrates from the inner retinal layers to the outer retinal layers and to the subretinal layer 

during photoreceptor degeneration is occurring (Zeng et al., 2005).  In addition to microglia, 

Müller cells also respond to light damage.  An increased expression of Ccl2 has been found 

in the Müller cells in a light-damaged albino rat eye by using immunohistochemical methods 

(Rutar et al., 2011b).  This elevated secretion of Ccl2 in Müller cells may promote activation 

and recruitment of microglia into the injured area following light-damage (Rutar et al., 

2012b). 

 

The complement system, another component of the innate immune system, also plays a 

critical role in light-damaged ocular tissue.  Albino mice with continuous bright light 
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exposure (1000 Lux) showed increased transcript levels of C1qβ and C3, which are 

complement components of the alternative pathway (Rohrer et al., 2007).  24 hours bright 

light exposure (1000 Lux) in the albino rats led to the up-regulation of complement proteins, 

including C1s, C3, C4b, C3ar1, and C5r1 in the retina and a deposit of C3 synthesised by 

microglia/macrophages in the outer nuclear layer and subretinal space (Rutar et al., 2011a).  

All studies on phagocytes and the complement system from the light-damaged animal 

models showed close similarities to the inflammatory responses observed in the human 

AMD condition, which further indicates that the light-damaged animal model may be a good 

model for the study of human retinal degeneration. 

 

 

1.5.5  Blood vessels  

 

The retinal microvasculature has been recognised as one structure compromised in human 

AMD.  Many conditions altering the vasculature affect the onset, progress and outcome of 

AMD, such as cardiovascular disease, smoking, alcohol consumption, dietary fat intake and 

some of the female sex hormones (Evans, 2001).  There are a number of studies on the light-

damaged animal model that have shown interesting findings related to pathological changes 

in the blood vessels.  A photoactive compound, which naturally exists as a haemoglobin 

precursor in the blood, was demonstrated to generate superoxide anion and singlet oxygen in 

the light-exposed areas such as the retina (Gottsch et al., 1990).  Retinal capillaries were 

found to be particularly vulnerable to oxidative stress (Fukumoto et al., 2012), and therefore, 

all the reactive oxygen species or reactive nitrogen species generated from photo-oxidative 

stress within the tissue and blood alter the endothelial cells of the retinal microvasculature.  

Another study showed that an oxidative stress marker, 8-hydroxy-2-deoxyguanosine (8-

oxoG) was detected in mouse choroidal endothelial cells after green light exposure (Wu et 

al., 2005).  All the injuries to the endothelial cells in the ocular tissue subsequent to light 

damage may lead to vascular leakage and could be associated with the inflammatory 

responses in that area. 
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Light-induced ocular damage can be achieved in rats (Noell et al., 1966; Frank et al., 1989; 

Grimm et al., 2000a; Organisciak et al., 2000; Yu et al., 2007; Marc et al., 2008; Rutar et 

al., 2010), mice (Ng & Streilein, 2001; Zeng et al., 2005; Zhang et al., 2005; Rohrer et al., 

2007; Xu et al., 2008b) and many other species (Fite et al., 1993; Criswell et al., 2004; 

Thomas et al., 2012).  Unlike transgenic animal models for AMD (Strettoi et al., 2003; Yu et 

al., 2004), the light-damaged animal model does not have to involve any modified genes as 

the pathogenic factors.   It closely mimics the dystrophies and degenerations present in the 

human AMD condition in many aspects, including photoreceptor apoptosis, RPE damage, 

cellular and tissue oxidative stress, microvasculature injury and inflammatory responses.  

Therefore, the albino rat exposed to intense light (2700 Lux) for 24 hours has been used as 

an animal model of AMD in this thesis.  

 

 

1.5.6  Gap junctions responding to light 

 

Gap junctions or electrical synapses provide an efficient and low-noise form of inter-

neuronal signal transmission in the retina (Völgyi et al., 2013).  Horizontal cells are second-

order neurons that contact both rods and cones in the outer plexiform layer providing signal 

modulation through gap junction hemichannels in the lateral pathway for processing visual 

signals (Kamermans et al., 2001; Bloomfield & Volgyi, 2009).  Light modulates the density 

of gap junctions located on the horizontal cells.  By using a quantitative freeze-fracture 

replica method, enhancement in the density of gap junctions on horizontal cells in goldfish 

has been found to be associated with short-term dark adaptation (Kurz-Isler & Wolburg, 

1986).  Further electrophysiological studies have demonstrated that darkness results in a 

larger coupling field of horizontal cells and brightness decreases the coupling field.  In this 

way, light-modulated horizontal coupling maximises the local contrast detection (Balboa & 

Grzywacz, 2000; Bloomfield & Volgyi, 2009).  Cx50 and Cx57 have been identified on 

mouse horizontal cells (Hombach et al., 2004; O'Brien et al., 2006).  Therefore, these two 

connexin proteins may primarily contribute to the light-modulated changes.  After long-term 

dark adaptation for several days, the transcript level of Cx50 is significantly increased, while 

both transcript and protein of Cx57 are decreased in the mouse retina (Kihara et al., 2006; 
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Janssen‐Bienhold et al., 2009).  Light-adaptation leads to a significant increase in the 

number of Cx57-immunostained plaques in the mouse retina (Janssen‐Bienhold et al., 2009). 

 

In addition to horizontal cells, AII-AII amacrine cell coupling through gap junctions also 

plays key roles in the retinal lateral pathway (Vaney, 2002; Wässle, 2004), and the coupling 

can be modulated by light (Bloomfield & Völgyi, 2004).  Gap junctional coupling on AII 

amacrine cells measured by electrophysiological methods has shown cells to be relatively 

uncoupled in the dark-adapted retina with dramatically increased coupling in scotopic 

conditions and then uncoupled again under light-adapted conditions (Bloomfield & Völgyi, 

2004).  In rat and mouse retina, both Cx36 and Cx45 are expressed on AII amacrine cells 

(Feigenspan et al., 2001; Mills et al., 2001; Maxeiner et al., 2005).  Hence, both connexin 

proteins may contribute to the coupling function changes in response to light.  The transcript 

of Cx45 is significantly decreased in the mouse retina following prolonged dark-adaptation 

(Kihara et al., 2006).  Both transcript and protein of Cx36 are also significantly decreased 

after dark-adaptation in the mouse retina (Kihara et al., 2006).  However, results from dark-

adapted chick retina demonstrate conflicting findings to the mouse retina.  Both transcript 

and protein levels of Cx36 are markedly increased following dark-adaptation (Kihara et al., 

2009).  Cx36 may play a role in neuronal survival following traumatic injury of the retina.  

Increased Cx36 protein has been demonstrated to be associated with a laser-created retinal 

lesion, and Cx36-deficient (Cx36-/-) mice exhibit a significant increase in cell death after the 

trauma (Striedinger et al., 2005). 

 

Cx36 and Cx45 are also involved in retinal ganglion cell coupling (Schubert et al., 2005a; 

Schubert et al., 2005b; Völgyi et al., 2005).  Ganglion cell coupling in the retina has been 

examined by detecting tracer labelling after injection into a single cell (Hu et al., 2010).  The 

light-adapted retina shows an overall increase in alpha ganglion cell coupling in the dark-

adapted retina (Hu et al., 2010). 

 

Endothelial cell-associated connexin proteins, Cx37 and Cx43, both respond to prolonged 

dark-adaptation (Kihara et al., 2006).  The transcript of Cx37 is significantly increased, 

while the transcript and protein of Cx43 is markedly decreased in the mouse retina following 

7 days of dark-adaptation (Kihara et al., 2006).  The other connexin protein expressed on the 
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endothelial cells, Cx40, does not show any change with dark-adaptation (Kihara et al., 

2006). 
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1.6  Objectives of this study 
 

The pathogenesis of AMD is multi-factorial and current management is limited primarily to 

the late stage of the disease.  It has been established that intercellular communication plays a 

key role in many injuries and that modulation of the function of Cx43 is efficient in 

minimising tissue damage and accelerating tissue repair following injury.  The hypothesis of 

this investigation is that oxidative stress and inflammation are vital factors in the 

pathogenesis and progress of AMD.  In fact, inflammation is clearly associated with the up-

regulation of Cx43.  By reducing the function of Cx43 channels, inflammatory responses are 

down-regulated and the tissue injury can be reduced.  Therefore, the primary objective of 

this thesis is to provide the evidence for a new therapeutic approach for early AMD by 

targeting Cx43.  To achieve this, some specific aims have been undertaken: 

 

1) To further characterise the light-damaged albino rat model to confirm its 

suitability as an animal model for studying the early stages of AMD.  

 

To validate that the light-damaged albino rat used in our laboratory is a suitable model for 

the study, I have tested the retinal function in the animal model following light damage with 

various recovery periods (0, 6, 24, 48 hours and 7 days) using electroretinograms (ERG).  I 

have investigated the localisation and expression levels of Cx43 in the model by using 

immunohistochemistry and Western blotting.  The levels of oxidative damage, inflammation 

and cell death that are reported to be involved in the etiology of AMD have been analysed by 

immuno-labelling specific markers for these factors.  The expression of an oxidative stress 

marker, nitrotyrosine has been quantified by Western blotting and cell counts of Iba-1-

immuno-labelled microglia has been used to measure inflammation levels.  As RPE atrophy 

has been found to be one of the first histological signs of AMD, I have examined the 

morphological changes of the RPE in the light-damaged animal model.  In addition to Cx43, 

some other connexin proteins, including Cx36, Cx40 and Cx45 have also been investigated. 
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2) To characterise the functional and molecular effect of Cx43 modulation in the 

light-damaged albino rat model.  

 

Intravitreal injection of a mimetic peptide, which blocks hemichannels of Cx43, was used to 

locally modulate hemichannel function.  First, I verified the delivery of the mimetic peptide 

to the posterior segment of the eye via tracing fluorescence-conjugated peptide injected 

intravitreally.  Following this, ERG tests were used to see if the retinal function could be 

improved with either a single or double dose of the Cx43 mimetic peptide, peptide5, 

compared to the sham-treated animals.  Tissue samples collected from the treated animals 

following ERG were then further analysed to check for Cx43 and other connexin protein 

expression levels and the degree of inflammation using an immunohistochemistry method. 

 

3) To verify the findings from the animal model in human AMD eyes.  

 

I investigated the general pathological changes in a late dry AMD donor tissue using 

toluidine blue staining.  Then, I further checked oxidative stress and glial cell responses in 

human AMD donor tissue and compared this with an age-matched control donor tissue by 

detecting the immunoreactivity of specific markers in the retina.  Up-regulated oxidative 

stress and inflammation were found to be closely associated with an increased expression of 

Cx43 in the retina from AMD donors compared to the age-matched control.  Although the 

most damaged macular area showed the most severe photoreceptor degeneration, this area 

did not offer evidence of the strongest oxidative stress and inflammatory responses.  It was 

the macular surrounding area with lots of surviving neurons that showed the maximum 

increased Cx43 immunoreactivity and glia-mediated inflammation, showing comparable 

findings to that of the light-damaged albino rat model. 

 

Overall, the results collected from this project have confirmed that Cx43 plays a critical role 

in tissue damage in the light-damaged albino rat retina and human AMD condition.  The 

light-damaged albino rat appears to be a suitable animal model of AMD as it closely mimics 

the inflammatory responses that occur in the early stages or progressive areas of human 

AMD.  The Cx43 mimetic peptide used in this study appears to be effective in protecting the 
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neuroretina by reducing the level of inflammation following light damage.  Cx43 regulation, 

therefore, has potential for therapeutic treatment of early and progressive AMD. 
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Chapter 2:  Material and methods 
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The general outline of experimental procedures used throughout this thesis and the basic 

concepts behind the protocols are described in this chapter.  Specific procedures and animal 

treatment strategies are described in the method sections in each of the following chapters.   

 

 

2.1  Animals and light damage procedure 
 

Adult Sprague-Dawley (SD) rats (200-250 grams, male or female) were used in this study.  

The SD rat is an albino strain.  The animals lack pigments in the retinal pigment epithelium.  

In comparison with pigmented strains, the albino rat ensures the adult onset and coherent 

timing of photoreceptor degeneration for our study (Noell et al., 1966; Marc et al., 2008).  

Animals were sourced from the Vernon Jansen Unit at the University of Auckland.  Animals 

were born and housed in normal cyclic light conditions [12 hours light (174 Lux):12 hours 

dark (< 62 Lux)] for the duration of the study, except where otherwise stated.  All 

experimental procedures described in this study were approved by the University of 

Auckland Animal Ethics Committee.  Every effort was made to use the minimum numbers 

of animals necessary to optimise procedures and obtain results.  Analysis of biological data 

suggest a minimum of 6 samples per experimental condition are required for statistical 

validation of the results (Anderson & Vingrys, 2001).  Experimental groups and the numbers 

of animals used in each group are listed in each experimental chapter. 

 

 

2.1.1  Light damage procedure 

 

The intense light-damaged albino rat has been demonstrated to be a good model for studying 

AMD, based on the resulting structure change, molecular pathology and retinal dysfunction 

(Noell et al., 1966; Marc et al., 2008).  This animal model was used in the present study.  

Light damage experiments started consistently around 9:00 am.  The luminance was  

2700 Lux, created by placing fluorescent light lamps (Philips Master TLD 18W/965) directly 

above the rat cages.  The light source covered broad band fluorescence, from 380 to 760 nm 

(Figure 2-1), with no extra heat generated from the light source.  This broad band 
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fluorescence light source has been demonstrated in a previous study (Yu et al., 2007).  There 

was no hiding area in the cages.  Animals were able to move freely in the cage and had free 

access to food and water.  All the experimental protocols consisted of 24 hours light-

exposure with variable post-exposure recovery periods are described in the method section 

of the following chapters.  During recovery, animals were returned to normal light and 

housing conditions.  

 

 
Figure 2-1. Wave length range and efficacy of the fluorescent light source used for inducing 

light damage in the animal model.  This image is adapted from Philips manufacturer’s product 
information sheet. 
 

 

2.1.2  Cx43 mimetic peptide preparation  

 

Peptide5, the Cx43 mimetic peptide used in this study was designed against the end amino 

acids of extracellular loop 2 of the Cx43 protein.  The peptide has been found to be neuro-

protective in animal models for spinal cord injury, glaucoma and stroke (O'Carroll et al., 

2008; Danesh-Meyer et al., 2012; Davidson et al., 2012a).  The sequence of the unmodified 

mimetic peptide is H-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-OH (molecular 

weight: 1396).  This 12 amino acids sequence corresponds to residues 196 and 207 of Cx43 

from both human and rats, which are both 382 amino acids long and share 98% identity.  A 
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fluorescence-conjugated peptide was employed to show the penetration of the peptide 

following delivery into the vitreous.  The sequence of the FITC-conjugated peptide was 

FITC-βAla-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-OH (molecular weight: 

1856).  Both mimetic peptides were custom made by Auspep Pty. Ltd, Australia. 

 

To assess the permeability of peptide5, the FITC-conjugated peptide was prepared at two 

different concentrations: a working concentration (280 µM) and a ten times higher 

concentration (2.8 mM).  The working concentration was determined by targeting 20 µM as 

the final concentration to be achieved in the vitreous.  To achieve this final concentration in 

the vitreous, 4 µL of 280 µM working solution was injected assuming that the vitreous 

volume is 56 µL in the rat (Hua et al., 2003).   

 

The unmodified peptide5 was prepared at working concentration (280 µM) following the 

same protocol as for the FITC-conjugated peptide.  All the peptides were prepared in saline 

(0.9% NaCl solution) as described previously (O'Carroll et al., 2008).  Saline was used as 

sham treatment with 4 µL of saline was injected in control groups. 

 

 

2.1.3  Intravitreal injections  

 

The animals were anesthetised by intraperitoneal injection (i.p.) with a combination of 

ketamine (75 mg/kg) and domitor (0.5 mg/kg).  After the animals were fully anaesthetised,  

4 µL of mimetic peptide or sham (saline) was injected into the vitreous in both eyes either 

during or after the light exposure.  A Hamilton syringe with maximal volume of 10 µL 

attached to a 30 G x ½ needle (BD PrecisionGlide™) was used for the injection.  To avoid 

damage to the lens, the injection was done gently onto the temporal side of each eye after 

rotating the eyeball to the nasal side by holding the bulbar conjunctiva.  A dissection 

microscope was used for a good surgical view.  The animals were injected with atipamezole 

(1 mg/kg) after the intravitreal injection, and returned back to the cage for recovery from the 

anaesthesia.  Warm water bottles were used to keep a steady body temperature during 

recovery.    
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2.2  Electroretinogram (ERG) procedure and data analysis 
 

2.2.1  Introduction  

 

The electroretinogram (ERG) is a useful tool for measurement of retinal function following 

light stimulation.  It represents serial neural responses and can be used to evaluate the retinal 

function of different retinal neurons.  The light stimulus for ERG is characterised by a high 

luminous output over a short period of time which allows retinal neurons to saturate within 

their fast integration times.  Cones have a very fast recovery time (about 15-20 milliseconds) 

(Friedburg et al., 2004), and in contrast, rods need a much longer recovery time from bright 

flashes (about 2.3 seconds) (Birch et al., 1995).  Based on the fact that rods and cones have 

different recovery time courses, the cone component can be extracted from the mixed rod 

and cone waveforms by using a twin-flash paradigm (less than 1 second inter-stimulus 

interval).  The theory is that the first flash is to saturate the rods and the second flash is to 

define the cone photo-response during the transient period of rod extinction (Birch et al., 

1995; Pepperberg et al., 1997; Nixon et al., 2001).  This twin-flash paradigm was utilised in 

the current study. 

 

 

2.2.2  ERG recording 

 

The procedure was adapted and modified based on a previous study (Vessey et al., 2011).  

The animals were dark-adapted overnight for 12-14 hours before the ERG recording, apart 

from the groups of animals that were dark-adapted for 5 hours (6 hours recovery post-light 

with or without intravitreal injections) and groups that were not dark-adapted (0 hour 

recovery post-light with or without intravitreal injections).  The different recovery times 

would allow for assessment of injury development following onset of light damage.  A dim 

red light generated by a light-emitting diode (λmax = 650 nm) was used for all manipulations 

on dark adapted animals during the ERG recording.  Following the dark-adaption, animals 

were anesthetised by intraperitoneal injection (i.p.) with a combination of ketamine (75 

mg/kg) and domitor (0.5 mg/kg).  The cornea was maintained hydrated with 1% 
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carboxymethylcellulose sodium (Celluvisc, Allergan, CA) throughout the whole ERG 

recording.  ERG tests were recorded on the left eye of each animal using custom-made silver 

chloride electrodes (Grass Electrodes, West Warwick, RI).  The active electrode was  

U-shaped and kept in contact with the centre of the cornea.  The inactive electrode was  

V-shaped and was hooked around the front teeth and in contact with the wet tongue.  Body 

temperature was kept at 37°C with warm water bottles.  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, Japan), via a Ganzfeld sphere.  In Ganzfeld method, an 

integrating sphere approximately 650 mm in diameter, painted white internally was used to 

reflect the state of the entire retina (Bergoffen et al., 1993).  The flash intensity range was 

from -2.9 to 2.1 log cd.s/m2 and was attenuated using neutral density filters (Kodak Wratten, 

Eastman Kodak, Rochester, USA), to obtain light intensities of -3.9, -2.9, -1.9, 0.1, 1.1, 1.6, 

1.8 and 2.1 log cd.s/m2.  The flash intensity was calibrated using an IL1700 research 

radiometer (UV Process Supply Inc., USA).  This study utilised a twin-flash paradigm for 

the isolation of rod and cone pathways.  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 from the second flash was recorded and represented function from 

the cone only.  The rod response was derived through digital subtraction of the cone 

response from the initial mixed response.  Recording was performed in a faraday cage to 

reduce electrical noise.  Signals were amplified 1,000 times by a Dual Bio Amp (AD 

Instruments, NSW, Australia) and waveforms were recorded by using the Scope software 

(AD Instruments, NZ).  The collected data were copied into and analysed using Excel 

software. 

 

 

2.2.3  ERG data analysis 

 

The method used in the ERG data analysis has been reported in a previous study (Vessey et 

al., 2011) and adapted to our experimental conditions.  The a-wave (fast PIII) is a cornea-

negative potential, which reflects the photoreceptor response (Weymouth & Vingrys, 2008).  

Post-photoreceptor responses from both rod and cone pathways were reflected by the b-wave 
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(PII), a corneal-positive potential.  The summed activities of ON-bipolar cells together with 

lateral input from the horizontal cell contribute to the b-wave generation (Green & 

Kapousta-Bruneau, 1999; Hanitzsch et al., 2004).  Müller cells have also been suggested to 

contribute to the b-wave indirectly (Kofuji et al., 2000).   

 

The amplitude of the a-wave was measured between the pre-stimulus baseline and the trough 

of the waveform.  The amplitude of the b-wave was measured between the 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 of 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 (Sun et al., 2007; 

Vessey et al., 2011). 

 

The amplitudes of a- and b-waves from the mixed rod and cone responses were analysed 

using the Michaelis-Menten function evaluating the amplitude-energy relationship (Naka & 

Rushton, 1966).  The equation was: 

𝑅 = 𝑅𝑚𝑎𝑥 × 𝐼𝑛/(𝐼𝑛 + 𝐾𝑛) 

where 𝑅𝑚𝑎𝑥 (µV) is the maximum amplitude, 𝐼 (log cd.s/m2) is the stimulus intensity, 𝑛 

is an exponent related to the slope of the function, and 𝐾 (log cd.s/m2) is the intensity for 

semi-saturation.  

 

As the twin-flash paradigm is utilised in this study, the rod a-wave was extracted from the 

mixed photoreceptor response by subtracting the cone-only response to the second flash 

under a range of rod-saturating stimuli: 1.6, 1.8 and 2.1 log cd.s/m2.  The rod a-wave was 

modelled using a nonlinear function (Hood & Birch, 1990).  The equation was: 

𝑃𝐼𝐼𝐼 (𝑖 × 𝑡) = {1 − 𝑒𝑥𝑝[−1/2 × 𝑖 × 𝑆 × (𝑡 − 𝑡𝑑)2]} × 𝑅𝑚𝑎𝑥 

In this equation 𝑃𝐼𝐼𝐼 represents the current generated by all the photoreceptors as a function 

of stimulus intensity (𝑖, 𝑐𝑑. 𝑠/𝑚2); and time (𝑡, 𝑠𝑒𝑐𝑜𝑛𝑑𝑠).  𝑅𝑚𝑎𝑥 (𝜇𝑉) is the saturated 

amplitude from the stimulus; 𝑆 (sensitivity) characterises the gain of the photo-transduction 

process (𝑚2/𝑐𝑑 × 𝑠3) and 𝑡𝑑(𝑠𝑒𝑐𝑜𝑛𝑑𝑠) is the time latency between the stimulus onset and 

the start of the response.  The cone photoreceptor response in rodents is too small to be 

analysed using ERG.  
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Post-photoreceptoral function PII was isolated by digitally subtracting PIII from the raw 

waveform and then further extracting the oscillatory potentials (OPs) from the positive PII-

OP complex at the highest stimulus intensity, 2.1 log cd.s/m2 (Weymouth & Vingrys, 2008).  

The inverted gamma function was used to model both rod and cone PII before the extraction 

of OPs (Weymouth & Vingrys, 2008).  The equation was: 

𝑅(𝑡) = 𝑅𝑚𝑃𝐼𝐼 �
𝐶

(𝑑 + 1)(𝑡 − 𝑇𝑚𝑎𝑥) + 𝑐
�
𝑑+1

× 𝑒𝑥𝑝 �
(𝑡 − 𝑇𝑚𝑎𝑥)(𝑑 + 1)2

(𝑑 + 1)(𝑡 − 𝑇𝑚𝑎𝑥) + 𝑐
� 

In this equation, R (µV) is the response at time, t (ms), after flash onset.  𝑅𝑚𝑃𝐼𝐼 (µV) is the 

peak amplitude.  𝑇𝑚𝑎𝑥 (ms) is the implicit time.  Constants 𝑐 and 𝑑 are shape factors of the 

curve (Weymouth & Vingrys, 2008). 

 

The oscillatory potentials (OPs) reflect ON-pathway neurons and lateral inhibitory circuits of 

inner retinal neurons (Weymouth & Vingrys, 2008).  The axon terminals of the bipolar cells, 

the processes of the amacrine cells and the dendrites of the ganglion cells contribute to the 

generation of OPs (Wachtmeister, 1998).  Generally, five OPs can be extracted from the PII-

OP complex (Weymouth & Vingrys, 2008; Vessey et al., 2011).  In this study, only OP2, 

OP3, OP4 and summed OPs were analysed at the highest stimulus intensity, 2.1 log cd.s/m2, 

as OP1 and OP5 were too small to be accurately measured in the animal model.  Both 

amplitude and implicit time was analysed.  Isolated rod responses and OPs were not 

analysed in the 0 hour recovery group, as they were not dark-adapted.  
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2.3  Immunohistochemistry 
 

2.3.1  Introduction 

 

This study employed well-established immunohistochemical techniques to investigate the 

expression of connexin proteins, oxidative stress markers and inflammatory markers in the 

animal model and human post-mortem ocular tissues.  For the animal experiments, both eyes 

were collected from each animal.   

 

 

2.3.2  Animal tissue collection and processing  

 

After completion of any in vivo test procedures, the animals were deeply anesthetised by 

intraperitoneal injection (i.p.) with a combination of ketamine (75 mg/kg) and domitor  

(0.5 mg/kg).  The rat’s chest cavity was opened and a perfusion needle was inserted into the 

left ventricle.  An outlet was made in the right atrium to enable the flush solution and 

fixative to circulate through the vasculature.  The animals were perfused with saline for 2-3 

minutes followed by further perfusion with 4% paraformaldehyde (PFA) in a 0.1 M 

phosphate buffer (PB).  This transcardial perfusion is an established protocol for neuronal 

tissue collection and has been used for Cx43 immunoreactivity analysis in the brain (Nakase 

et al., 2003). 

 

After perfusion, the eyes were dissected from the orbit.  The posterior eyecup was flattened 

by making several radial cuts.  With the sclera side up, the tissue was gently mounted on 

filter paper (0.8 µm pore size, Gelman Sciences, Ann Arbor, MI, USA) to keep the tissue flat 

for cryo-sectioning.  The tissue was then further fixed in 4% PFA for 30 minutes at room 

temperature and washed in 0.1 M phosphate buffer saline (PBS) pH 7.4.  The tissue was 

cryo-protected using graded sucrose solutions 10%, 20% for 30 minutes each at room 

temperature and 30% overnight at 4°C, and frozen in Tissue-Tek optimum cutting 

temperature (O.C.T.) compound (Sakura Finetek, USA) at -20°C.  Tissue was then cryo-

sectioned in the vertical plane of the retina (16 µm thick sections) using a cryostat (Leica 
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CM3050S, Heidelberg, Germany).  The sections were collected on Superfrost Plus slides 

(Labserv, New Zealand) and stored at -20°C until the start of the immunolabelling or the 

staining procedures.  

 

 

2.3.3  Primary antibodies used in this study 

 

Primary antibodies used in this study include a range of connexin proteins (Cx43, 36, 40 and 

45), oxidative stress markers (nitrotyrosine, 8-oxoguanine and superoxide dismutase-1), 

inflammation markers (CD45 and ionised calcium-binding adaptor molecule-1) and 

endothelial cell marker (CD31). The detailed information of each antibody is shown in  

Table 2-1. 

 

To explore intercellular communication in the retina in both light-damaged animals and in 

human AMD diseased tissues, antibodies against a range of connexin proteins have been 

employed in this study.  Anti-Cx43 antibody is developed in rabbits against a synthetic 

epitope, corresponding to a C-terminal segment of the cytoplasmic domain of human and rat 

Cx43 protein.  This antibody has been used in previously published studies where specificity 

was demonstrated in human and rat ocular tissues (Kerr et al., 2010; Kerr et al., 2011; 

Danesh-Meyer et al., 2012).  The anti-Cx36 antibody is designed against the C-terminus of 

rat and mouse Cx36 protein, which contains a single amino acid different from the human 

Cx36.  This antibody has been successfully used for identifying Cx36 in rat brain tissue in a 

previous study (Rash et al., 2007).  The anti-Cx40 antibody is custom-designed against 

conserved residues 257–271 of rat Cx40 protein, and was kindly gifted by RG Gourdie (The 

Medical University of South Carolina).  This antibody has specificity for Cx40 as 

demonstrated in rat heart tissue (Gourdie et al., 1998; Camelliti et al., 2004).  Anti-Cx45 

antibody is a synthetic sequence.  It corresponds to human Cx45 near the C-terminus located 

in the cytoplasm.  Its specificity has been demonstrated in the rat retina in a previously 

published study (Zahs et al., 2003).  
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To investigate the process of oxidative stress in the animal model and human AMD, a series 

of oxidative stress markers were used in this study.  The anti-nitrotyrosine monoclonal 

antibody recognises nitrated proteins.  This antibody’s specificity has been demonstrated in 

rat retina tissue in a diabetic model from a previously published study (Gonçalves et al., 

2012).  Superoxide dismutase-1 (SOD-1) facilitates the dismutation of oxygen radicals to 

hydrogen peroxide and it has been used as a marker for oxidative stress in neurodegenerative 

diseases (Orrell et al., 1995).  The epitope of the anti-SOD-1 polyclonal antibody used in 

this study maps to near the N-terminus of SOD-1 of human origin.  The specificity of this 

antibody has been demonstrated in a previously published study on human breast cancer 

cells (Rao et al., 2008).  The anti-8-oxoguanine monoclonal antibody recognises nuclear 

oxidative base lesions, which are the most abundant and well-characterized DNA lesions 

generated by oxidative stress (Kasai & Nishimura, 1984).  This antibody has been used for 

identifying DNA damage from oxidative stress in a transgenic mouse model expressing a 

mutated version of the human mitochondrial DNA repair enzyme UNG1 (Lauritzen et al., 

2011). 

 

Two markers were employed to investigate the inflammatory response in the light-damaged 

animal model and human AMD ocular tissue.  The ionized calcium-binding adapter 

molecule-1 (Iba-1) labels all dendritic-derived macrophages and has been proven to be a 

reliable marker for microglia in the nervous system (Ahmed et al., 2007).  The polyclonal 

anti-Iba-1 antibody used in this study is a synthetic peptide against amino acids 135-147 of 

the human Iba-1 protein.  Its specificity in recognising microglia in rat and aged mouse 

retina has been demonstrated in published studies (Sappington & Calkins, 2008; Xu et al., 

2008b).  The anti-CD45 antibody was the second inflammation marker used in this study. 

An alternate name for CD45 is leukocyte common antigen.  This antibody recognises all 

hematopoietic cells except erythrocytes.  A previously published study has successfully used 

this antibody to show leukostasis in the retina in a diabetic rat model (Ma et al., 2009a). 

 

In order to determine precise localisation of the oxidative stress marker, nitrotyrosine, in 

AMD-affected retinal tissue, the anti-CD31 antibody was used as an endothelial cell specific 

marker and double-labelled with nitrotyrosine.  This antibody has been used to identify 

endothelial cells in the human retina in a previously published study (Dong et al., 2012). 
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Table 2-1. List of primary antibodies used in this study. 

Antibody 
 

Production Host Working 
dilution 

Company Cat No. Immunogen Reference 

Anti-Cx43 Polyclonal Rb 1:1000 Sigma-
Aldrich, USA 

C6219 Synthetic peptide 
corresponding to 
amino acids 363-382 
of human and rat 
connexin43 

(Kerr et al., 
2010) 

Anti-Cx36 Polyclonal Rb 1:400 Life 
Technologies, 
USA 

51-6300   

Anti-Cx40 Polyclonal GP 1:500 Given by 
Rober 
Gourdie’s 
group 

N/A Rat Cx40 protein (Jay et al., 
2004) 

Anti-Cx45 Polyclonal Rb 1:100 Life 
Technologies, 
USA 

40-7000 Synthetic peptide 
derived from the C-
terminal region of 
the mouse, rat, 
Chinese hamster, 
and golden hamster 
Cx45 

 (Rash et 
al., 2001) 

Anti-ED1 Monoclonal  Ms 1:200 AbD Serotec, 
Oxford, UK 

MCA341
GA 

Purified IgG1 from 
tissue culture 
supernatant, 
recognising tissue 
macrophages 

(Cao et al., 
2011) 

Anti-GFAP Monoclonal, 
clone G-A-5 

Ms 1:1000 Sigma-
Aldrich, USA 

C9205 Purified GFAP from 
pig spinal cord 

(Danesh-
Meyer et 
al., 2008) 

Anti-CD45 Monoclonal,  
clone OX-1 

Ms 1:20 BD 
Pharmingen, 
USA 

550566 CD45-enriched 
glycoprotein 
fraction from Wistar 
rat thymocytes 

(Adamis et 
al., 2003) 

Anti-Iba1 Polyclonal Gt 1:250 Abcam, USA Ab5076 Synthetic peptide 
corresponding to 
amino acids 135-147 
of human Iba1 

(Xu et al., 
2008b); 
(Sappington 
& Calkins, 
2008) 

Anti-
nitrotyrosine 

Monoclonal, 
 clone 1A6 

Ms 1:2000 Millipore 
Corporation, 
MA, USA 

05-233 Nitrated KLH 
(Keyhole Limpet 
Hemocyanin) 

(Dick et al., 
2002); 
(Kern et al., 
2002) 

Anti-SOD1 Polyclonal Gt 1:100 Santa Cruz 
Biotechnology
, Inc. 

sc-8636 Mapping near the N-
terminus of SOD-1 
of human origin 

(Raoul et 
al., 2005) 

Anti-8-
oxoguanine 

Monoclonal Ms 1:100 Millipore 
Corporation, 
MA, USA 

MAB 
3560 

8-oxoguanine 
adsorbed onto 
alumina 

(Conlon et 
al., 2003) 

Anti-CD31 Polyclonal Rb 1:100 Abcam, USA Ab28364 Synthetic peptide 
corresponding to C 
terminus of mouse 
CD31 

(Dong et 
al., 2012) 
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2.3.4  Immunohistochemical labelling of tissue sections 

 

Immunohistochemical labelling was conducted by using the indirect immunofluorescence 

technique.  The Primary antibody specifically recognises and binds to the epitope on the 

targeted protein (antigen).  The secondary antibody (anti-immunoglobulin antibody) that is 

conjugated with fluorochromes is used to detect the specific antigen binding.  This is a more 

sensitive method compared to the direct detection (Berry et al., 1999).   

 

Frozen tissue sections were air-dried at room temperature for 10 minutes and then washed in 

0.1 M PBS.  The tissue sections were encircled with a PAP pen (Invitrogen, New Zealand) 

after wiping off the excess moisture around the sections.  Non-specific binding sites in the 

tissue were blocked with 6% normal goat serum or  normal donkey serum (Invitrogen, 

USA), 1% bovine serum albumin (BSA) and 0.5% triton X-100 in 0.1 M PBS for 1 hour at 

room temperature.  The primary antibodies were diluted in antibody solution containing 3% 

normal goat serum or normal donkey serum, 1% BSA and 0.5% triton X-100 in 0.1 M PBS 

(primary antibody details – Table 2-1) and were applied carefully to cover the tissue section.  

Tissue sections were incubated with the primary antibody overnight at room temperature.  

The negative control for each antibody was conducted by incubating sections with antibody 

solution only following the same protocol as if applying a primary antibody.  Subsequent to 

overnight incubation, the slides were washed three times for 5 minutes each in 0.1 M PBS 

and once for 15 minutes in 0.1 M PBS to remove excess primary antibodies.  The secondary 

antibodies conjugated to either AlexaTM 488 or AlexaTM 594 (Invitrogen, New Zealand) were 

diluted 1:500 in antibody solution and applied to the tissue for 2 hours at room temperature.  

Slides were washed thoroughly with 0.1 M PBS to remove all excess secondary antibodies.  

Following the washes, tissue sections were incubated with 4’,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) (Sigma, USA) 1 µg/mL in 0.1 M PBS for 15 minutes to label cell 

nuclei, followed by another thorough wash with 0.1 M PBS.  The slides were then mounted 

in a non-fluorescence-fading medium (Citifluor Ltd, London, UK) and sealed with nail 

polish to avoid leakage and evaporation.  
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2.3.5  Animal tissue collection for flat-mount staining 

 

After perfusion and dissection of the eye from the orbit, the posterior segment of the eye was 

kept as the eyecup.  Flat-mount staining allows the identification of the spatial arrangement 

of the immuno-labelled cells.  For this procedure, the posterior segment of the eye was fixed 

in 4% PFA for 30 minutes at room temperature and washed in 0.1 M PBS.  Then, the eyecup 

was flattened by making several radial cuts.  The retina was carefully separated from the 

sclera.  The sclera had the choroid and the retinal pigment epithelium attached onto it.  The 

tissues were permeabilised via incubation in 0.5% triton X-100 in 0.1 M PBS for 15 minutes 

at -80°C.  Following thorough washing with PBS, free floating retinas were incubated with a 

primary antibody diluted in an antibody solution containing 10% normal goat serum and 2% 

triton X-100 in 0.1 M PBS solution overnight at 4°C.  Subsequent to several thorough 

washes with 0.1 M PBS, secondary antibodies were diluted with antibody solution and 

applied to the floating tissues for 3 hours at room temperature.  Following thorough washes 

with 0.1 M PBS, DAPI (Sigma, USA) diluted at 1 µg/mL with PBS was applied to the 

floating tissue for 30 minutes at room temperature.  Then, the tissues were washed three 

times for 15 minutes each and once for 40 minutes in 0.1 M PBS, and gently transferred and 

mounted onto the slides.  Lastly, the flat-mount tissue was coverslipped in a non-

fluorescence fading medium (Citifluor Ltd, London, UK) and sealed with nail polish to 

avoid leakage and evaporation. 

 

 

2.3.6  Cell counts and staining intensity measurements  

 

In order to quantify the oxidative stress affected cells and recruited inflammatory cells in the 

retinal and choroidal tissue following light damage, nitrotyrosine, Iba-1 and CD45 immuno-

labelled cells were counted in the light-damaged animal groups and the control groups.  Cell 

counting was performed using low magnification confocal images.  All images were taken 

from a central area around the optic nerve.  Cells were counted manually and recorded using 

Microsoft Excel 2010.  Data was presented as labelled cells per mm2 and represent cell 
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counts in 0.186 mm2 of retina and 0.043 mm2 of choroid.  A minimum of 6 eyes from each 

group were used for the cell counting. 

 

 

2.4  Specific staining 
 

In this study, staining techniques were used to visualise particular tissue structures and some 

specific cell types.  This enabled comparison between overall tissue morphology, specific 

cell localisation, and immunohistochemical results. 

 

 

2.4.1  Toluidine blue staining 

 

Toluidine blue, which stains nucleic acids blue and polysaccharides purple, has been 

employed to show the tissue histological structure.  Frozen sections mounted on slides were 

air-dried for 10 minutes at room temperature and then washed with 0.1 M PBS.  The sections 

were stained for 2-3 minutes with 1 mg/mL toluidine blue solution prepared in MilliQ water.  

This was followed by three washes of 3 minutes each in 0.1 M PBS.  Finally, the stained 

tissue sections were coverslipped and images were taken immediately after the staining 

procedure, using a bright field microscope.  

 

 

2.4.2   Phalloidin staining 

 

Phalloidin is a high-affinity filamentous actin (F-actin) probe which selectively stains F-

actin.  Alexa Fluor 488®-conjugated phalloidin (Life Technologies, USA) was used in this 

study to identify the structure of RPE on the flat-mount tissue.  The Alexa Fluor 488® 

phalloidin was diluted at 1:200 with 0.1 M PBS, and then incubated with flat-mount choroid 

tissue for 1 hour at room temperature.  Phalloidin staining was usually performed after 

immunohistochemistry and before the DAPI labelling on the flat-mount tissue.  
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2.4.3  TUNEL staining and cell death analysis 

 

Signs of apoptosis were investigated in the tissue collected from light-damaged animals.  

The TdT-mediated dUTP nick end labelling (TUNEL) technique (In Situ Cell Death 

Detection Kit from Roche Applied Science, Germany) was used to detect cell death in light-

damaged and control groups.  Tissues were processed using a commercial In Situ Cell Death 

Detection Kit, Fluorescein (Roche Diagnostics GmbH, Mannheim, Germany).  During 

apoptosis, single strand breaks and double-stranded low molecular weight DNA fragments 

may be generated from cleavage of genomic DNA.  TUNEL reaction is based on an 

enzymatic reaction to identify the DNA strand breaks by labelling free 3’-OH termini with 

modified nucleotides.  TUNEL reaction detects apoptosis at the single-cell level in 

histological specimens.  Tissue sections were washed twice with 0.1 M PBS before being 

permeabilised with 0.1% triton X-100 and 0.1% tri-sodium citrate in 0.1 M PBS for  

5 minutes on ice.  The sections were washed and incubated with the TUNEL reaction 

mixture (TdT enzyme solution and fluorescein nucleotide label solution at 1:17 dilution) for 

20 minutes at 37°C in a dark humid chamber.  Negative controls were incubated with the 

label solution only.  The sections were rinsed several times in 0.1 M PBS, and then mounted 

in Vectashield HardSet Mounting Medium with DAPI (Vector Laboratories, Burlingame, 

CA).  The stained sections were visualised using confocal microscopy. 

 

 

2.5  Imaging 
 

All the images were acquired from immuno-labelled, phalloidin stained and TUNEL labelled 

sections using a high-resolution laser scanning confocal microscope (Olympus FluoView 

FV1000, Olympus Corporation, Tokyo, Japan) with 488 nm and/or 594 nm excitation from 

an argon ion laser.  A series of 4-8 optical sections with 1 µm intervals were collected for 

each specimen and image analysis was performed on a stack image of intensity projection 

over the z-axis.  Six retinas obtained from different animals were analysed for each group, 

and the representative images shown. 
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2.6 Collection of human normal and AMD ocular specimens 
 

Human ocular samples were obtained through the New Zealand National Eye Bank 

according to the tenets of the Declaration of Helsinki and approved by the Institutional 

Ethics Review Committee Board of the University of Auckland and Northern District 

Human Ethics Committee.  Age-related macular degeneration (AMD) ocular samples were 

obtained from three Caucasian donors, who were diagnosed with dry AMD.  Clinical history 

indicated no previous treatment for the condition.  Normal age controls were obtained from 

three age-matched Caucasian donors with no ocular disease (Table 2-2).  There is 

morphological degradation associated with post-mortem neurological tissue, including a 

jagged appearance to stained cellular soma and reduced definition in the dendritic pattern as 

described in previous publications (de Souza et al., 2012; Souza et al., 2013).  The posterior 

segment of ocular tissues was fixed in 4% PFA for 30 minutes at room temperature, washed 

with 0.1 M PBS, and cryo-protected in graded sucrose solutions 10%, 20% for 30 minutes 

each at room temperature and 30% overnight at 4°C.  The tissue was then embedded and 

mounted in Tissue-Tek optimum cutting temperature (O.C.T.) compound (Sakura Finetek, 

USA) and serial transverse cryo-sections were cut at 16µm thickness using a cryostat (Leica 

CM3050S, Heidelberg, Germany).  The sections were collected on Superfrost Plus slides 

(Labserv, New Zealand) and stored at -20°C until the start of the staining procedure. 

 

Table 2-2. Human AMD donors’ demographics 

Donor Age Gender Ethnicity 

1. Dry AMD 82 Female Caucasian 

2. Wet AMD 81 Female Caucasian 

3. Dry AMD 80 Male Caucasian 

4. Control 67 Female Caucasian 

5. Control 76 Male Caucasian 

6. Control 82 Female Caucasian 

 

 
  

81 

 



 

2.7  Western blot 
 

Western blot of retinal and choroidal tissue was used to quantify or semi-quantify the 

oxidative marker nitrotyrosine and Cx43 protein expression in order to characterise the light-

damaged animal model.  A minimum of 6 eyes were used for data analysis from each group.   

 

Rats were deeply anaesthetised by intraperitoneal injection (i.p.) with a combination of 

ketamine (75 mg/kg) and domitor (0.5 mg/kg), and then transcardially perfused through the 

left ventricle with saline.  After dissection of the eye from the orbit, the posterior segment of 

the eye was isolated.  The retina was carefully separated from the choroid and sclera with the 

use of a dissection microscope.  The retinal pigment epithelium remained attached to the 

choroid and sclera.  

 

 

2.7.1  Protein extraction and measurement 

 

Rat retina and choroid were extracted from the eye and homogenised in a cold, freshly 

prepared 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.  

This protocol for tissue homogenisation has been used for retinal tissue in a previously 

published study (Acosta et al., 2005b).  Samples were then centrifuged twice (16,000 rpm 

for 2 minutes at 4°C) to sediment any unhomogenised tissue, and the supernatant was stored 

at -20°C until use. 

 

Following protein extraction, the protein concentration of each sample was measured using a 

Pierce® BCA Protein Assay Kit (Thermo Scientific, USA).  This assay is a detergent-

compatible formulation based on bicinchoninic acid (BCA).  BCA can form a purple-

coloured complex by the chelation of two molecules of BCA with one cuprous ion with 

amino acids in the protein sample responsible for the reaction.  This water-soluble purple-

coloured complex has a strong absorbance at 562 nm that is nearly linear with increasing 

82 

 



 

protein sample concentrations.   In accordance with the manufacturer’s protocol, 10 µL of 

each protein sample was used to set the microplate reactions and absorbance was read at  

562 nm using a Synergy HTMulti-Mode Microplate Reader (BioTek).  Protein 

concentrations of the samples were interpolated from the calibration plot constructed from a 

series of known bovine serum albumin (BSA) protein dilutions 125-2000 μg/mL prepared in 

the same homogenising buffer and run in the same 96-well microplate.  Following protein 

concentration assays of the samples, all the retinal and choroidal samples were diluted to 

450 µg/mL. 

 

 

2.7.2  Western protocol 

 

Samples were mixed with a loading buffer (10:1) containing 0.1% bromophenol blue, 20% 

v/v glycerol and 2% sodium dodecyl sulphate (SDS).  Typically, 9 µg of retinal or choroidal 

sample protein in a total volume of 20 µL was gently loaded into the leading wells of a 10% 

Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad Laboratories, New Zealand).  Proteins were 

separated according to molecular weight under electrophoresis using a Mini-Protean Tetra 

Cell (Bio-Rad Laboratories, USA) with an SDS gel running buffer (25 mM Tris base; 19mM 

glycine; 0.1% SDS in MilliQ water) which applies a negative charge to each protein in 

proportion to its molecular weight.  A Precision Plus Protein™ All Blue Standard (Bio-Rad 

Laboratories, USA) containing proteins with known molecular weights ranging from 10 to 

250 kDa was loaded alongside the protein samples in each gel.  The separated proteins were 

transferred from the gel to a polyvinylidene difluoride (PVDF) membrane (Roche 

Diagnostics, USA) using a semi-dry transfer system – Trans-Blot® Turbo™ Transfer Starter 

System (Bio-Rad Laboratories, USA) with a small amount of transfer buffer (25 mM Tris 

base; 190 mM glycine; 15% methanol in MilliQ water, pH 8.4).  

 

The membrane containing separated and transferred protein samples was incubated with a 

blocking solution (5% non-fat milk powder; 2% v/v normal goat serum in Tris-buffered 

saline-tween (TBS-T), containing 20 mM Tris hydrochloride; 137 mM sodium chloride; 

0.1% v/v tween-20, pH 7.2) for 2 hours at room temperature.  This was followed by 
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incubating the membrane with the primary antibody overnight at 4°C.  The primary antibody 

(either anti-Cx43 antibody 1:4000 dilution or anti-nitrotyrosine antibody 1:2000 dilution) 

was diluted with an antibody solution containing 2% non-fat milk powder, 2% v/v normal 

goat serum in TBS-T.  Following three washes each of 15 minutes and one wash for 40 

minutes in TBS-T, the membrane was incubated with a horseradish peroxidase-conjugated 

secondary antibody (either donkey anti-rabbit IgG or sheep anti-mouse IgG; 1:5000 dilution; 

Amersham Biosciences, USA) for 1 hour at room temperature.  The membrane was then 

washed with another series of TBS-T.   

 

The immuno-blot was detected using an ECL Plus Western Blot Detection Reagents Kit 

(Amersham Biosciences, USA).  The horseradish peroxidase-conjugated to the secondary 

antibody catalyses oxidation of the Lumigen PS-3 Acridan substrate and this reaction 

produces a sustained, high intensity chemiluminescence with maximum emission at a 

wavelength of 430 nm, which was subsequently detected on a FujiFilm LAS-4000 imager. 

 

A loading control blot was performed following the imaging of the first immuno-blot for 

anti-Cx43 or anti-nitrotyrosine.  The blot membrane was stripped out from the membrane by 

incubating it with stripping buffer (2% SDS, 100 mM β-mercaptoethanol, 62.5 mM Tris 

hydrochloride, pH 6.7) for 30 minutes at 37°C.  The loading control was then blotted with an 

anti-tubulin antibody (1:5000 dilutions in antibody solution) on the same membrane. 

 

Quantification of the immuno-blot images was conducted using ImageJ 1.45 s software 

(Wayne Rasband, National Institute of Health, USA).  Histograms indicating the intensity of 

each of the bands were obtained and converted into numerical values indicating the intensity 

of the bands with the ImageJ program.  The blots for Cx43 or nitrotyrosine were divided by 

the loading controls for each well, and then were statistically analysed between experimental 

groups.  
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2.8  Statistical analysis 
 

Graphing and statistical analyses were performed using GraphPad Prism 6 (GraphPad 

Software, San Diego, CA).  All data was presented as the mean ± the standard error of the 

mean (SEM).  The comparison of the effects of stimulus intensity and recovery from the 

ERG data was performed using a two-way ANOVA followed by a Bonferroni post-test.  

Comparison of recovery after light exposure at the intensity of 2.1 log cd.s/m2, and 

comparison between normal and light-damaged tissue Western blots for Cx43 and 

nitrotyrosine were conducted using a one-way ANOVA followed by a Tukey’s test.  A 

Student’s unpaired t-test assuming unequal variances was used to compare cell counts of 

nitrotyrosine, Iba-1 and CD45 immuno-stained cells in the retina and choroid. 
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Chapter 3:  Characterisation of the light-damaged 

albino rat as an animal model of age-related macular 

degeneration  
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3.1  Introduction 
 

Age-related macular degeneration (AMD) is the major cause of blindness in people aged 75 

years or older in developed countries and the third cause of blindness in the world, following 

cataract and glaucoma (Klaver et al., 1998b; Biarnés et al., 2011).  Pathologically, AMD is 

characterised by accumulation of deposits between the retinal pigment epithelium (RPE) and 

the choroid, called drusen.  During early AMD, drusen can be hard with distinct margins, 

which is characteristic of the dry form of AMD.  Subsequently, choroidal neovascularisation 

develops and is accompanied by increased vascular leakage, which represents the wet form 

of AMD (de Jong, 2006).  So far, there is no strategy that can cure AMD or an established 

effective treatment for early stage of AMD.  The current management for the disease is 

mainly focused on the pathological progression in the late stage.  The aim of this study is to 

analyse how the damaging process is initiated and progresses at the early stage of AMD by 

using a light-damaged albino rat model.   

 

The albino rat exposed to intense fluorescent light has been an animal model of retina 

degeneration since the 1960s (Noell et al., 1966).  Histological analysis of the light-damaged 

animal model has shown changes to Müller cells, loss of photoreceptors and pigment 

epithelium, breakage to Bruch’s membrane, and choroidal damage.  These are all very 

similar characteristics to those observed in human AMD (Noell et al., 1966; van Best et al., 

1997; Wu et al., 2005; Marc et al., 2008).  In the light-damaged albino rat eye, the injured 

area is regional and mainly limited to the central and superior segments of the retina (Marc 

et al., 2008).  In addition to the histological changes, neural dysfunction has been found in 

this animal model, particularly seen as a reduction in the a- and b-waves in a full-field retinal 

electroretinogram (ERG) (Noell et al., 1966; Penn et al., 1989).  The mechanisms of retinal 

degeneration in the animal model induced by light-damage, however, still remains unclear.  

We hypothesise that in the light-damaged animal model there is a complex procedure 

involving oxidative stress, inflammation and vascular reactions that mimics the disease 

process.  The retinal stress initiated by excessive rhodopsin bleaching will consequently 

spread damage into the RPE and choriocapillaris.   
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Oxidative stress in photoreceptors results from the process of photo-oxidation generated by 

rhodopsin bleaching in photoreceptor outer segments and is also observed in the RPE as a 

result of phagocytosis of the outer segment (Beatty et al., 2000; Khandhadia & Lotery, 

2010).  In addition to photoreceptor outer segments, oxidative stress has also been found in 

the mitochondrial DNA (mtDNA) in photoreceptors from aged human donor tissues (Barron 

et al., 2001).  In the light-damaged animal model, protein nitration has been found to be 

increased in the photoreceptor outer segment and the RPE when compared to the animals 

maintained in the dark (Miyagi et al., 2002; Palamalai et al., 2006).   

 

Inflammation is involved in the pathogenesis of AMD (Anderson et al., 2002a; Gupta et al., 

2003; Wu et al., 2003; Coorey et al., 2012; Khandhadia et al., 2012), and has also been 

found in the light-damaged animal model (Zhang et al., 2005; Ng et al., 2009; Rutar et al., 

2010; Rutar et al., 2011a; Rutar et al., 2012a).  Although the adult retina is regarded as an 

immune-privileged tissue, it has residential glial cells to provide support and protection of 

the retinal neurons by supplying nutrients, removing neural waste products and phagocytosis 

of neuronal debris (Coorey et al., 2012).  Retinal microglia become activated after light 

damage and migrate to the outer retina in a number of animal models (Ng & Streilein, 2001; 

Zhang et al., 2005; Ni et al., 2008; Xu et al., 2008a; Rutar et al., 2010).  Studies of human 

post-mortem tissue from AMD diagnosed donors have revealed comparable findings with 

microglial migration to the outer nuclear layer and subretinal space (Gupta et al., 2003; 

Milam et al., 2003).  The inflammatory response is present in both the retina and the choroid 

following light damage (Rutar et al., 2010), suggesting residential microglia/macrophage 

activation and migration may play an important role in the process of tissue damage in the 

light-damaged albino animal model. 

  

Intercellular gap junction channels allow rapid exchange of ions, messengers and metabolic 

molecules between neighbouring cells.  The role of intercellular communication affects a 

wide range of cellular activities, including signalling, differentiation and growth 

(Goodenough et al., 1996).  In the retina, gap junctions participate in electrical coupling 

between cells for light sensation (Veruki & Hartveit, 2002; Goodenough & Paul, 2003).  

Within the rat retina, Cx37 and Cx40 are expressed in the endothelium of large radiating 

arterioles (Kuo et al., 2008).  In rat and mouse retina, both Cx36 and Cx45 are expressed on 
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AII amacrine cells (Söhl et al., 1998; Maxeiner et al., 2005; Veruki & Hartveit, 2009), which 

are the key elements of the light signal transduction pathways.  Hence, both connexin 

proteins may contribute to coupling function changes in response to light.  For example, 

light modulates the density of gap junctions located on the horizontal cells.  By using 

quantitative freeze-fracture replica methods, enhancement in the density of gap junctions on 

horizontal cells in gold fish has been found to be associated with dark adaptation (Kurz-Isler 

& Wolburg, 1986).  The light-adapted retina shows an overall increase in alpha ganglion cell 

coupling at coupled cell number and coupled field compared with the dark-adapted retina 

(Hu et al., 2010).  However, there are very few reports of changes in connexin proteins in the 

light-damaged animal model. 

 

Cx43 is the most ubiquitous gap junction protein and is expressed by astrocytes and 

endothelium in the nervous system.  Previous studies have demonstrated that it is expressed 

on Müller cells, astrocytes, vascular endothelium and retinal pigment epithelium in both 

human and rat retinas (Zahs et al., 2003; Kuo et al., 2008; Kerr et al., 2010).  Cx43 plays an 

important role in modulating response to injury (Danesh-Meyer et al., 2008; O'Carroll et al., 

2008; Kerr et al., 2011; Ly et al., 2011; Danesh-Meyer et al., 2012; Davidson et al., 2012a).  

Increased Cx43 protein and/or transcript have been found in many human CNS injuries and 

diseases, including stroke, epilepsy and Huntington’s disease (Elisevich et al., 1997; Vis et 

al., 1998; Nakase et al., 2006).   

 

Based on previous studies, we hypothesise that the injury process in the light-damaged 

animal model is happening through a complex procedure involving oxidative stress, 

inflammation and vascular reaction.  The retinal stress may be initiated by excessive 

bleaching of rhodopsin in the photoreceptors from prolonged exposure to the intense light, 

which would consequently impact on the RPE and choroidal capillaries (Noell et al., 1966; 

Williams & Howell, 1983).  A disruption of the outer retinal blood barrier, mainly the RPE, 

which involves processes of abnormal cation influx, oxidative damage, and activation of 

inflammatory response, would lead to secondary injury of the retinal neurons and result in 

retinal degeneration (Ablonczy et al., 2000; Vaughan et al., 2003; Zhang et al., 2005; Rutar 

et al., 2010; Rutar et al., 2011a; Rutar et al., 2011b; Rutar et al., 2012a).  Oxidative damage 

and its associated inflammatory response are sufficient to produce retinal lesions in the retina 
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and the choroid (Hollyfield et al., 2008).  Alterations in gap junctions expressed on retinal 

neurons together with photoreceptor degeneration may contribute to the photoreceptor and 

post-photoreceptor dysfunction in the retina in the animal model.  Similar to other animal 

injury models, Cx43 expression may be affected following intense light-induced injury. 

 

The features of the animal model and its usefulness for its understanding the mechanisms 

that contribute to AMD are investigated in this chapter.  The aim of this study was to 

evaluate changes in neuronal function, oxidative stress, inflammatory response and the 

expression of connexin proteins, especially Cx43, in the light-damaged rat retina.  In 

particular, ERG was used to characterise the function of rod and cone pathways; 

immunohistochemistry and Western blot were employed to correlate the retinal function 

with cell death, changes in gap junction proteins, oxidative stress, inflammatory responses 

and RPE alterations.   
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3.2  Materials and methods 
 

3.2.1  Animal handling and light exposure protocol 

 

The experimental protocol consists of exposing animals to intense light followed by variable 

periods of recovery.  Briefly, the 24 hours intense light exposure protocol was employed (Yu 

et al., 2007).  Non-exposed animals were used in the control group.  The rats were culled 

after ERG testing either immediately (0 hour), at 6, 24, 48 hours or 7 days after light-

exposure.  The number of animals used to characterise this light-damaged model is listed in 

Table 3-1.  Animal groups in this study are described in Figure 3-1.   

 

 
Figure 3-1. Experimental groups of the light-damaged rats.  All the animals had 24 hours light 
damage.  The signs of ERG↓ indicate time points at which ERGs were recorded. 
 
 
Table 3-1. Animal numbers used to characterise the light-damaged albino rat model. 

Non-LD 
control 

0h post-LD 6h post-LD 24h post-
LD 

48h post-
LD 

7d post-LD 

n=9 n=9 n=9 n=6 n=6 n=6 
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3.2.2  ERG recording 

 

The animals were dark-adapted overnight for 12-14 hours before the ERG recording using a 

procedure adapted from a previous study (Vessey et al., 2011).  Briefly, the animals were 

anesthetised and ERGs were recorded on the left eye.  The light stimulus was elicited by 

twin-flashes (0.8 ms second stimulus interval) via a Ganzfeld sphere.  Flash intensity range 

was from -2.9 to 2.1 log cd.s/m2.  Waveforms were recorded and amplitudes of a- and b-

waves from the mixed rod and cone responses were analysed using the Michaelis-Menten 

function.  The implicit times of 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 (Sun et al., 2007; Vessey et al., 

2011).  Oscillatory potentials (OPs) were collected at 2.1 log cd.s/m2.  

 

 

3.2.3  Tissue collection and processing 

 

At the end of the ERG recording the rats were still deeply anesthetised.  We perfused them 

transcardially with saline for 2-3 minutes followed by 30 minutes incubation in 4% 

paraformaldehyde (PFA) in a 0.1 M phosphate buffer (PB).  The eyes were dissected from 

the orbit, eyecups were further fixed in 4% PFA for 30 minutes and washed in 0.1 M 

phosphate buffer saline (PBS) pH 7.4.  After cryoprotection tissues were used in flat mount 

immunocytochemistry or were cryo-sectioned and collected on slides before the 

immunocytochemical procedure.   

 

 

3.2.4  Immunohistochemistry 

 

The procedure was conducted as explained in Section 2.3, Chapter 2.  Briefly, after washing 

with 0.1 M PBS, sections were blocked with a solution containing normal goat serum or 

donkey serum (Invitrogen, USA), 1% bovine serum albumin (BSA) and 0.5% triton X-100 

in 0.1 M PBS for 1 hour at room temperature.  The tissues were immune-labelled with 

primary antibodies, including mouse anti-nitrotyrosine, mouse anti-rat CD45, goat anti-Iba1, 
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rabbit anti-Cx43, mouse anti-ED1, guinea pig anti-Cx40, rabbit anti-Cx36 and mouse anti-

Cx45 antibodies.  The primary antibody details are given in Table 2-1, Chapter 2.  Tissue 

sections were incubated with the primary antibody overnight at room temperature.  The 

secondary antibodies were diluted 1:500 and were applied for 2 hours in the dark at room 

temperature.  Slides were rinsed several times in 0.1 M PBS, mounted in non-fluorescence 

fading medium and sealed.   

 

3.2.5 TUNEL labelling 

 

TdT-mediated dUTP nick end labelling (TUNEL) was used to detect cell death in light-

damaged and in control animals.  The sections were washed and incubated with the TUNEL 

reaction mixture as the protocol described in Chapter 2.  Negative controls were performed 

and data was visualised using confocal microscopy. 

 

 

3.2.6  Imaging 

 

All the images were acquired from immuno-labelled sections using a high-resolution laser 

scanning confocal microscope (Olympus FluoView FV1000, Olympus Corporation, Tokyo, 

Japan) with 488 nm and/or 594 nm excitation from an argon ion laser.  A series of 4-8 

optical sections with 1 µm intervals were collected for each specimen and image analysis 

was performed on a stack image of intensity projection over the z-axis.  Six retinas obtained 

from different animals were analysed for each group, and the representative images shown. 

 

 

3.2.7  Cell counts 

 

Nitrotyrosine, Iba-1 and CD45 immuno-labelled specific cells were counted in all 

experimental and control groups.  Cell counting was performed using low magnification 

confocal images.  All images were taken from a central area around the optic nerve.  Data is 
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presented as labelled cells per mm2 and represent cell counts in 0.186 mm2 of retina and 

0.043 mm2 of choroid. 

 

 

3.2.8  Western blot 

 

Rat retina and choroid were extracted and homogenized separately in homogenizing buffer 

containing 10 mM HEPES; 0.25 M sucrose in MilliQ water, pH 7.4 and 1× Complete 

protease inhibitor cocktail (Roche Diagnostics, Germany).  Equal amounts of proteins  

(9 µg) were separated by 10% SDS-PAGE precast gel (Bio-Rad Laboratories, New 

Zealand), and electrophoretically transferred to a PVDF membrane (Roche Diagnostics, 

USA).  After blocking with 5% non-fat milk and 2% normal goat serum in Tris-buffered 

saline with Tween 20 (TBS-T) (20 mM Tris hydrochloride, 137 mM NaCl, 0.1% Tween 20, 

pH 7.2) for 1 hour, the membrane was probed for 2 hours with anti-nitrotyrosine antibody 

(1:2,000) or anti-Cx43 (1:4,000).  The blotted membrane was washed with TBS-T and 

incubated for 1 hour with horseradish peroxidase-conjugated goat anti-mouse secondary 

antibody (dilution 1:5,000) before the immune-blot were detected using ECL Plus Western 

Blotting Detection Reagents (Amersham Biosciences, USA).  To determine exact loading of 

protein blots were produced with anti-tubulin (1:5000) on the same membrane, but after it 

was first stripped of primary blots by incubating with stripping buffer (2% SDS, 100 mM β-

mercaptoethanol, 62.5 mM Tris hydrochloride, pH 6.7) for 30 minutes at 37°C.  The bands 

were imaged on a Fuji Film LAS-4000 imager.  

 

 

3.2.9  Statistical analysis 

 

Graphing and statistical analyses were performed using GraphPad Prism 6 (GraphPad 

Software, San Diego, CA).  All data was presented as the mean ± standard error of the mean 

(SEM).  The comparison of the effects of stimulus intensity and recovery from the ERG data 

was performed using a two-way ANOVA followed by a Bonferroni post-test.  The 
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comparison of recovery from the light-exposure at the intensity of 2.1 log cd.s/m2 was 

conducted by using a one-way ANOVA followed by a Tukey’s test.  A Student’s unpaired t-

test assuming unequal variances was used to compare cell counts of nitrotyrosine, Iba-1 and 

CD45 immuno-stained cells in the retina and choroid.  A Student’s unpaired t-test was also 

used for comparison of Cx43 and nitrotyrosine proteins tested by Western blot. 
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3.3  Results 
 

3.3.1  The activities of both rod and cone pathways are reduced in light-damaged rats 

 

ERG was used to determine changes in rod and cone function at various time-points after 

light damage.  Representative rod and cone mixed wave forms for control and light-damaged 

rats are presented in Figure 3-2A.  A comparison with the control group showed a general 

loss of ERG amplitude at all intensities and at all recovery periods.  Mixed a-waveforms 

illustrate that all light-exposed rats had reduced photoreceptor-derived amplitude at each 

stimulus intensity.  In particular, at the last four intensities, from 1.1 to 2.1 log cd.s/m2, the a-

wave reduction was significant (two-way ANOVA, 𝑝 < 0.05; Figure 3-2B).  Further rod and 

cone responses were analysed to determine whether the rod- or cone-pathway contributed to 

the decreased a-waveform (Figure 3-3 and Figure 3-4).  The rod response was isolated at the 

highest intensity (2.1 log cd.s/m2).  Representative raw waveforms of rod responses from 

each animal group are shown in Figure 3-3A.  There was a significant reduction in the rod 

PIII amplitude in all recovery groups compared with the non-exposed control rats (one-way 

ANOVA, 𝑝 < 0.001; Figure 3-3B).  The substantial change in PIII amplitude indicated that 

function of rod photoreceptors was significantly impaired and this impairment was long-term 

or permanent.  The sensitivity of PIII did not show a significant change between control and 

light-damaged rats or between light-damaged groups (Figure 3-3C).  A reduction in the rod 

PII amplitude was observed in the light-damaged groups compared to the control group 

(one-way ANOVA, 𝑝 < 0.01; Figure 3-3D).  There was a transient delay of PII implicit time 

at 6 hours after light damage which was not seen at 24, 48 hours or 7 days recovery (one-

way ANOVA, 𝑝 < 0.01; Figure 3-3E).  The oscillatory potentials (OPs) were isolated from 

the rising edge of rod b-wave in response to the 2.1 log cd.s/m2 flash.  There was a 

significant reduction in the amplitude of summed OPs from all the light-damaged rats 

compared to control (one-way ANOVA, 𝑝 < 0.05; Figure 3-3F).  However, the implicit 

time of summed OPs did not show any delay (Figure 3-3G).  These results showed that 

retinal functions are dramatically reduced following intense light exposure. 
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Figure 3-2. ERG analysis in the intense light-exposed rats with various recovery periods.    
A: Representative mixed ERG wave forms for control, 0 and 24 hours recovery after light damage at 
intensity from -2.9 to 2.1 log cd.s/m2.  B: The average a-wave response from the mixed waveforms 
showed significant reduction in the amplitude at the four brightest intensities from all the light-
damaged groups compared with the control group p < 0.001.  Data are expressed as means ± SEM  
(n=6).  A two-way ANOVA and a Bonferroni post-test were used for comparisons of mixed a-wave 
responses and mixed b-wave responses.  Significant values are indicated with asterisks: * p < 0.05; 
** p < 0.01; *** p < 0.001. 
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Figure 3-3. Rod photoreceptor functional response.   A: Representative ERG isolated rod 
response wave forms for control, and light-damaged retinas at several recovery times.  B: Extracted 
average rod a-wave response at intensity of 2.1 log cd.s/m2 from light-damaged rats showed 
significant reduction in the amplitude at all the recovery time-points post-exposure compared to the 
control rat eyes (p < 0.001).  C: There was no difference in the sensitivity of the rod a-wave at all 
recovery time-points.  D: Rod b-wave amplitude was significantly decreased at all the time-points 
post-exposure.  E: Rod b-wave implicit time was significantly increased at 6 hours post-exposure  
(p < 0.001) and was reduced to control values at all other recovery times.  F: The amplitudes of 
summed oscillatory potentials OP2, OP3 and OP4 at intensity of 2.1 log cd.s/m2 showed significant 
reduction at most recovery time-points (p < 0.05).  G: There were no significant differences in the 
OPs implicit time.  A one-way ANOVA followed by a Tukey’s test were used for comparisons of 
extracted rod and OPs.  Data are expressed as means ± SEM (n=6).  Significant values are indicated 
with asterisks: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Isolated cone responses were also inspected at the highest flash intensity (2.1 log cd.s/m2).  

There was a general reduction in cone responses in light-damaged eyes compared with 

control rats and representative waveforms as shown in Figure 3-4A.  There was a significant 

reduction in cone PII amplitude in the light-exposed rats (one-way ANOVA, p < 0.01; 

Figure 3-4B).  However, the timing of the PII response did not vary from control rats (Figure 

3-4C).  These results indicate that cone post-photoreceptor response was affected by intense 

light exposure. 

 

 
Figure 3-4. Cone photoreceptor functional response.  A: Representative ERG isolated cone 
response wave forms for control, and light-damaged retinas at several recovery times.  B: The 
amplitude of cone b-wave response showed significant reduction from all groups post-exposure 
comparing to the control rat eyes p < 0.01.  C: The implicit timing was not altered.  A one-way 
ANOVA followed by a Tukey’s test were used for comparisons of extracted cone responds.  Data are 
expressed as means ± SEM (n=6).  Significant values are indicated with asterisks: ** p < 0.01;  
*** p < 0.001. 
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3.3.2  Photoreceptors were processing cell death at the highest rate soon after light 

damage 

 

TUNEL labelling was performed on central retina in the same tissue where ERG was 

conducted to provide an indication of the amount of photoreceptor cell loss (Figure 3-5).  

Light damage caused photoreceptor cell death was evident at each recovery time-point, but 

most prominent at 6 hours post-exposure (Figure 3-5C).  At 6 hours post-exposure, there was 

significant TUNEL labelling possibly contributing to the big loss of retinal function (Figure 

3-3B).  However, the number of TUNEL labelled cell counts at 48 hours and 7 days post-

exposure (Figure 3-5E&F) did not explain recovery in ERG function at those time-points 

(Figure 3-3 and Figure 3-4). The results highlighted that in addition to cell death, other 

mechanisms than purely cell death may contribute to abnormal retinal function.  The 

expression of inflammatory markers in the light-exposed rats was then explored.   

 

 

TUNEL-positive cell counts were different along the retina from light-damaged rats (Figure 

3-5A).  Central area showed obviously more TUNEL-positive cells compared to the 

peripheral areas.  24 hours intense light exposure caused a significant increase in TUNEL-

positive cells in the outer retina compared to the control non-light-damaged retina  

(p < 0.001; Figure 3-5B). 

100 

 



 

 
Figure 3-5. TUNEL staining in the retina of the control and light-damaged rats.   A: TUNEL 
staining was absent in the control rat.  B-F: Low magnification images showed that TUNEL positive 
cells were present in the light-damaged rats in the inner part of ONL immediately after damage (B) 
and spread throughout the whole ONL with prolonged recovery (C-F).  Apoptotic activity reached its 
peak at 6 hours post-exposure (C).  Abbreviations: ONL, outer nuclear layer; INL, inner nuclear 
layer.  Scale bar = 50 µm. 
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Figure 3-6. TUNEL staining in the retina 24 hours following light damage.  A: TUNEL staining 
showed different labelling patterns along the retina.  B: Quantification analysis showed significantly 
increased TUNEL-positive cell counts in the group of 24 hours post-LD compared to control group 
without light damage (unpaired t-test, p < 0.001; n = 5 in each group).  The quantification refers to 
the central area of the retina that has been used in this study (yellow box).  Scale bar = 50 µm in 
TUNEL images and scale bar = 100 µm in the constructed DAPI image. 
 

3.3.3  Microglia respond immediately post-exposure 

 

Ionised calcium-binding adaptor molecule-1 (Iba-1) is a marker for microglia in the retina 

(Xu et al., 2007; Ibrahim et al., 2011).  In the control retina, Iba-1 expression was limited to 
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the ganglion cell layer, inner plexiform layer and outer plexiform layer (Figure 3-7A).  To 

determine the proportion of microglia activated in the retina the cells immuno-labelled with 

Iba-1 were counted in the inner, middle and outer parts of the retina.  In the control rats, the 

majority of the microglia cells were located in the ganglion cell layer and inner plexiform 

layer (Figure 3-7G) with hardly any in the outer nuclear layer and IS/OS area (Figure 3-I).  

The shape of these microglia cells tended to be round or oval and with few thin projecting 

processes.  Immediately after light damage (0 hour), many Iba-1 stained cells were observed 

in the outer nuclear layer (Figure 3-7B).  These were activated microglia as demonstrated by 

their polarised and decreased primary and terminal projecting processes, which has been 

presented in a previous study (Wong et al., 2008).  The microglia seems to move from the 

ganglion cell layer and inner plexiform layer as their number decreased in these layers 

compared with the control retina (Student’s t-test, 𝑝 < 0.05; Figure 3-7G).  At 6 hours after 

light damage, the projecting processes were thicker (Figure 3-7C).  Iba-1-labelled cells 

continued to move to the outer and the inner nuclear layer at 24 hours and 48 hours post-

exposure and many more microglia were observed in the IS/OS area (Figure 3-7D&E).  

These cells had thickened projecting processes and enlarged cell bodies (Figure 3-7D&E, 

arrows).  The number of microglia significantly and progressively increased in the INL, OPL 

and OS/IS after light damage until 48 hours post-exposure (Student’s t-test, 𝑝 < 0.05; 

Figure 3-7H&I).  However, the outer layers of the retina, including the outer plexiform layer 

and the IS/OS area, showed the most dramatic increase in the number of microglia compared 

to the control rats (Student’s t-test, 𝑝 < 0.01; Figure 3-7I).  After 7 days, Iba-1-labelled cells 

were almost absent from the inner and outer nuclear layers and the morphology of the cells 

were similar as those in control (Figure 3-7F).  The results suggest that 24 to 48 hours post-

exposure is a critical time-point when the inflammatory response reaches its peak in the 

retina. 
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Figure 3-7. Iba-1 immuno-labelled microglia in the retina and microglia cell counts in inner, 
middle and outer retina layers.  A: Control retinas showed microglia in the plexiform layers.  B: 
Immediately post-exposure, microglial processed extended towards the ONL.  C: At 6 hours post-
exposure, microglial somata migrated in the ONL, OPL.  D: At 24 hours post-exposure, microglia 
migrated in the ONL and were also shown in the OS/IS.  E: At 48 hours post-exposure, there were 
activated microglia in the ONL and throughout the retina.  F: 7 days after light damage, many 
microglia were still found in the outer retina.  G: Quantification of number of cell per unit area 
showed a significant decrease in the number of microglia in the GCL and IPL up to 24 hours post-
exposure (p < 0.05), returning to control values 48 hours post-exposure.  H: In the INL and OPL, the 
number of microglia significantly increased at all time-points tested compared with the control.  I: In 
the ONL and OS/IS, the amount of microglia rose following light damage and peaked at 24 hours 
post-exposure.  Abbreviations: OS/IS, outer segment/ inner segment; ONL, outer nuclear layer; 
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 
cell layer.  Scale bar = 50 µm.  Statistical analysis was completed by using an unpaired Student’s t-
test.  Data are expressed as means ± SEM (n=6).  Significant values are indicated with asterisks:  
* p < 0.05; ** p < 0.01; *** p < 0.001. 
 

Another specific marker for activated microglia and macrophages, ED1 (CD68), was 

employed in this study to further analyse the inflammatory response.  The immunoreactivity 

of ED1 has been investigated in tissues collected from both non-exposed control animals and 

animals culled at 6 hours post-exposure to intense light.  In the retina, ED1 immuno-staining 
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was hardly detectable, with only faint labelling in the ganglion cell layer in the normal eye, 

which was associated with glial fibrillary acidic protein (GFAP) in astrocytes.  There were 

also some macrophages showing immunoreactivity to ED1 in the inner plexiform layer in 

the non-light-damaged control tissue (Figure 3-8A).  The ED1 immunoreactivity in the 

ganglion cell layer was increased markedly following light damage compared to the non-

light-damaged control (Figure 3-8A&B).  This increased ED1 immunoreactivity was thought 

to be associated with increased astrocyte activity due to their specific localisation in the 

nerve fibre layer of the rat retina (Stone & Dreher, 1987).  In the choroid, there were some 

ED1 stained cells in the normal control tissue.  These cells had large, oval-shaped cell body 

(Figure 3-8C).  At 6 hours post-exposure, the amount of ED1 immuno-labelled cells in the 

choroid was increased and the cell bodies tended to be amoeboid in shape (Figure 3-8D). 

 
Figure 3-8. ED1 immunoreactivity in the retina and the choroid.  A&C: ED1 immunoreactivity 
in the normal control eye without light damage showed low levels of immunoreactivity in the 
ganglion cell layer (GCL) of the retina with a few ED1 immuno-stained cells in the choroid.   
B&D: Higher immunoreactivity of ED1 in the GCL in the retina and more ED1 immuno-stained 
cells in the choroid following light damage.  Abbreviations: OS/IS, outer segment/ inner segment; 
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 
plexiform layer; GCL, ganglion cell layer.  Scale bar = 50 µm. 
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3.3.4  Activated retinal microglia lose their CD45 expression in response to light 

damage 

 

Iba-1 labels all dendritic-derived macrophages (Ahmed et al., 2007).  To confirm whether 

the increase in macrophages was due to a turnover of residential or vascular derived 

macrophages, the tissue was double-labelled with Iba-1 and CD45.  CD45, also called the 

common leukocyte antigen, is expressed on all hematopoietic cells.  Expression of CD45 and 

its co-localisation with Iba-1 were investigated in control rats and intense light-exposed rats 

with various recovery periods.  In the retina of control rats, cells labelled with Iba-1 were 

also CD45-positive in the inner and outer plexiform layers (arrows in Figure 3-9A-C).  

However, microglia labelled with Iba-1 in the ganglion cell layer did not express CD45 

(Figure 3-9A-C).  Immediately after light damage, expression of CD45 was much weaker in 

the inner and outer plexiform layers compared to control retinas.  At this time-point, 

microglia cells labelled with Iba-1 were located in the outer nuclear layer and had no CD45 

labelling (Figure 3-9D-F).  At 6 hours and 24 hours after light damage, there was some co-

localisation of CD45 and Iba-1, but there were still a number of Iba-1-expressing cells that 

were CD45-negative (Figure 3-9G-I, data of 6 hours not shown).  At 48 hours and 7 days 

post-exposure, CD45 was expressed weakly in the retina and the co-localisation of CD45 

and Iba-1 was rare (Figure 3-9J-L, data of 48 hours not shown).  As with the control rats, 

CD45 immuno-labelling was absent in the Iba-1 positive microglia cells in the ganglion cell 

layer at all the time-points post-exposure (Figure 3-9C, F, I and L).  
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Figure 3-9. CD45 and Iba-1 immuno-labelling in the retina.  A-C: Control rat retina had a few 
cells with co-localisation of Iba-1 and CD45 (arrows).  D-F: Iba-1-labelled microglia lost most CD45 
expression immediately after light damage (arrows).  G-I: At 24 hours post-exposure, CD45 
immuno-labelling was weakly observed only on some microglia (arrows).  J-L: There was minimal 
CD45 labelling of microglia cells at 7 days post-exposure (arrow).  Abbreviations: OS/IS, outer 
segment/ inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; GCL, ganglion cell layer.  Scale bar = 50 µm.  
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In the choroid, Iba-1 labelled macrophage-phenotype microglia were not expected as Iba-1 is 

a marker for dendritic-derived macrophages (Ahmed et al., 2007).  Interestingly, however, 

co-localisation of Iba-1 and CD45 was observed in the choroid.  In control animals, a few 

CD45 immuno-stained cells were detected, which were limited to the inner capillary layer of 

the choroid (Figure 3-10A-C).  These cells became spread throughout vessel layers and 

microcapillary layers of the choroid after light damage (Figure 3-10D-F).  Double-labelling 

of Iba-1 and CD45 in the light-damaged tissue showed co-localisation of the markers on 

large, round cells.  After 7 days, the pattern of co-localisation was unchanged (Figure 3-10G-

I).  The number of CD45 immuno-positive cells was elevated in light-damaged groups, 

although this was only significant at 6 hours post-exposure compared with the control 

(𝑝 < 0.05; Figure 3-10J).  It is concluded that both Iba-1 and CD45 can be used to identify 

residential macrophages in the choroid.   
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Figure 3-10. Confocal images showing CD45 and Iba-1 double immuno-labelled cells in the 
choroid at various recovery time-points following light damage.  A-C: There were a few cells 
showing co-localisation of CD45 and Iba-1 in the control choroid.  D-F: At 6 hours after light 
damage, increased CD45 immunoreactivity seemed to be associated with lba-1 immuno-labelling and 
the labelled cells showed ameboid-shaped morphology.  G-I: At 7 days following the light damage, 
the morphology of CD45 and Iba-1 labelled cells was similar to the control.  J. CD45-labelled cell 
counts in the choroid at various time-points following the light damage.  There was a significant 
increase at 6 hours post-exposure (p < 0.05).  Statistical analysis was completed by using a Student’s 
t-test.  Data are expressed as means ± SEM (n=6).  Significant values are indicated with asterisks:  
* p < 0.05.  Scale bar = 50 µm.  
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3.3.5  Oxidative stress expression following light-damage 

 

In addition to the inflammatory responses, oxidative damage was investigated using 

immunohistochemistry and Western blot with an anti-nitrotyrosine antibody.  Animal tissue 

collected over various recovery time-points following the light damage was analysed.  

Nitrotyrosine, a marker for endogenous nitrosation and nitration, has been used to quantify 

oxidative stress in the blood and tissue proteins (Ohshima et al., 1990).  In the aging mouse 

retina, nitrotyrosine-immunoreactivity has been shown to be remarkably increased (Xu et al., 

2009).  The present study showed that control rats without light damage displayed 

nitrotyrosine expression in both the retina and the choroid in a Western blot (Figure 3-11A-

C).  In the choroid, multiple nitrated proteins with bands at 120 kDa and 55 kDa were 

detected (Figure 3-11A).  A similar pattern was seen the retina (data not shown).  

Quantification analysis showed that the level of nitrotyrosine expression was significantly 

increased in the choroid over a short time period (0-6 hours) following the light damage 

(n=6; Figure 3-6B).  However, there was no significant change in the retina (Figure 3-11C).  

Images of immunohistochemical staining showed nitrotyrosine expression in big cells 

located in the capillary layer of the choroid, where smaller blood vessels are located (Figure 

3-11D).  These cells were also labelled with the microglia cell marker, Iba-1 (Figure 3-11D-

F).  In addition, some capillaries showed nitrotyrosine-immunoreactivity in this area (Figure 

3-11D).  In the retina, nitrotyrosine-immunoreactivity was only detected at 24 hours post-

damage.  The immunoreactivity seen in the outer plexiform layer and throughout the inner 

retinal layers appeared to be associated with retinal blood vessels (Figure 3-11G), and it was 

also in close proximity to the microglia (Figure 3-11G-I).   
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Figure 3-11. Elevated oxidative stress was detected mainly in the choroid following light 
damage.   A: Representative image of a Western blot for nitrotyrosine expression in the choroid.   
β-tubulin (lower bands) was used as a loading control.  B&C: Quantitative analysis of nitrotyrosine 
expression in the choroid (B) and retina (C) in the control animals and animals after a short recovery 
time following light damage.  D-F: Nitrotyrosine-immunoreactivity was shown in the blood vessels 
(BV; arrows) in the choroid at 6 hours post-damage.  It also showed co-localisation with the 
microglia marker Iba-1 (arrow heads).  G-I: At 24 hours following light damage, nitrotyrosine-
immunoreactivity (arrows) was seen in the OPL of the retina, where it appears to be associated with 
blood vessels and increased microglia immunoreactivity (arrow heads).  Abbreviations: OS/IS, outer 
segment/ inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; GCL, ganglion cell layer.  Scale bar = 50 µm. 
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3.3.6  Gap junction protein expression is changed following light damage 

 

Gap junction proteins including Cx43, Cx40, Cx36 and Cx45 in the non-light-damaged 

control group were compared to the light-damaged groups with various recovery periods.  

Cx43 expression in the retina and the choroid was investigated using Western blot and 

immunohistochemistry.  Cx43 was present in the choroid and the retina (Figure 3-12).  

Quantification analysis of Western blots using ImageJ showed that Cx43 level in the choroid 

and RPE was dramatically increased in the short term following light damage (Figure 3-7B).  

However, the expression level of Cx43 in the retina showed a decrease compared to the 

control tissue, although this was not significant (Figure 3-12C).  Confocal images showed 

strong Cx43 immunoreactivity in the endothelial cells of larger choroidal blood vessels in 

the normal control tissue.  It was also strongly expressed in the RPE (Figure 3-13A).  

Following intense light exposure, the localisation of Cx43 did not show much change in the 

RPE and choroid (Figure 3-13B-F, H & I).  In the normal rat retina, Cx43 immunoreactivity 

was detected primarily in the ganglion cell layer (Figure 3-14A), which may be closely 

associated with the processes of astrocytes, and the endothelium of blood vessels (Ly et al., 

2011; Danesh-Meyer et al., 2012).  After light damage and up to 7 days post-exposure, Cx43 

immunoreactivity was still detected in this layer and did not seem to be labelled in other 

cells or layers of the retina (Figure 3-14B-F).   
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Figure 3-12. Western blot analyse of Cx43 expression in the choroid and retina of control and 
light-damaged animals.   A: Representative image showing Western blot detection of Cx43 in the 
control and light-damaged rat retina.  B: Quantitative analysis of Western blot for Cx43 protein 
expression in the choroid and RPE from the control and light-damaged groups.  Cx43 expression was 
significantly increased post-exposure compared to the control (n=6; ** p< 0.01).  C: Quantitative 
analysis of Western blot for Cx43 expression in the retina from the control and light-damaged 
groups.  The expression of Cx43 tended to be decreased post-exposure, but this change was not 
significant. 
 

 

 
Figure 3-13. Confocal images showing Cx43 expression in the choroid of the control and light-
damaged animals.  A: Cx43 immunoreactivity in normal control RPE and choroid tissue, primarily 
seen strongly in the endothelium of blood vessels, choroidal capillaries and the RPE.  B-F: RPE and 
choroid tissue from the light-damaged group immuno-labelled for Cx43.  G-I: Higher magnification 
images showing Cx43 immunoreactivity on the endothelium of the choroidal capillaries and RPE. 
Abbreviations: OS/IS, outer segment/ inner segment; ONL, outer nuclear layer; OPL, outer 
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; BV, 
blood vessels.  A-F: scale bar = 50 µm; G-I: scale bar = 20 µm. 
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Figure 3-14. Confocal images showing Cx43 expression in control and light-damaged retinas.    
A: Cx43 immunoreactivity was limited to the ganglion cell layer in the normal control retina.   
B-F: Cx43 immuno-labelling in the retina at various time-points following light damage.  G-I: 
Higher magnification images showing Cx43 immunoreactivity on the endothelium of the retinal 
capillaries and astrocytes.  Abbreviations: OS/IS, outer segment/ inner segment; ONL, outer nuclear 
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 
ganglion cell layer; BV, blood vessels.  A-F: scale bar = 50 µm; G-I: scale bar = 20 µm. 
 

In addition to Cx43, the expression of Cx36, Cx45 and Cx40 were also investigated using 

immunohistochemistry in the control and the light-damaged animals.  Cx36 

immunoreactivity was low and limited to the inner plexiform layer of the control retina 

(Figure 3-15A).  At 24 hours following intense light exposure, the immunoreactivity of Cx36 

had obviously increased.  Big blood vessels in the ganglion cell layer also showed Cx36 

immunoreactivity (Figure 3-15B).  At 7 days post-exposure, Cx36 immunoreactivity 

dropped back to a level which was comparable to that of the control tissue (Figure 3-15C).  

In the control retina Cx45 was mainly expressed in the inner plexiform layer and the nerve 

fibre layer (Figure 3-15D).  The immunoreactivity was strong.  At 24 hours following 

intense light exposure, Cx45 immunoreactivity was obviously decreased compared to the 

control tissue (Figure 3-15E).  Interestingly, at 7 days post-exposure, the expression of Cx45 
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in the inner plexiform layer was increased to a similar level to that of the control (Figure 

3-15F).  However, Cx45 immunoreactivity in the nerve fibre layer remained low, compared 

to the control retina. 

 

 
Figure 3-6. Cx36 and Cx45 expression in control and light-damaged retinas with 24 hours and 
7 days recovery periods.  A-C: Cx36 immunoreactivity in control retina (A), and retinas at 24 hours 
(B) and 7 days (C) following intense light exposure.  The Cx36 immunoreactivity levels are 
comparable between the control and 7 days post-exposure, but it was obviously increased at 24 hours 
following light damage.  D-F: Cx45 immunoreactivity in the control retina (D), and the retinas at 24 
hours (E) and 7 days (F) following intense light exposure.  The expression levels of Cx45 in the 
inner plexiform layer were similar between control retina and 7 days post-exposure.  However, the 
control tissue showed stronger Cx45-labelling in the nerve fibre layer (arrows).  Cx45 
immunoreactivity was decreased in the retina at 24 hours following the light damage.  Abbreviations: 
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.  Scale bar = 20 µm. 
 

In the normal retina and choroid, Cx40 did not show any immunoreactivity (data not shown).  

At 24 hours following light damage, the retina still had no Cx40 immunoreactivity but Cx40 

was now detected on the large blood vessels in the vascular layer of the choroid (Figure 

3-16A) where the large and medium-sized arteries and veins are located.  Cx40 

immunoreactivity was also noticed on some large, round cells in the choroid (Figure 3-16B).  

By 7 days post-exposure, Cx40 immunoreactivity was again undetectable in either the retina 

or the choroid (data not shown). 
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Figure 3-7. Confocal images showing Cx40 immunoreactivity in the choroid at 24 hours 
following the intense light exposure.  A: At 24 hours post-exposure, large blood vessels showed 
strong Cx40 immunoreactivity (arrows).  B: Some oval or round shaped large cells showed Cx40 
immunoreactivity at 24 hours following the light damage (arrow).  Abbreviations: RPE, retinal 
pigment epithelium.  Scale bar = 20 µm. 
 

 

3.3.7  Cx43 expression is detected on the macrophage following light damage 

 

In addition to up-regulated expression level of Cx43, it was noticed that Cx43 is expressed 

by some CD45 immuno-labelled macrophages in the choroid and the retina following the 

light damage (Figure 3-17).  Expression of Cx43 was also detected on the nitrotyrosine 

immune-labelled cells in the choroid post-exposure (Figure 3-18).  These cells may be the 

same type of macrophages, as results from this study have shown that immunoreactivity of 

nitrotyrosine and Iba-1 are co-localised on some cells in the light-damaged choroid (Figure 

3-11D-F).   
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Figure 3-8. Confocal images showing co-localisation of Cx43 and CD45 in the choroid and 
retina following the light damage.   A: In normal choroid, the CD45 immuno-labelled macrophages 
did not show any Cx43 expression.  B: Many CD45 immuno-labelled macrophages (arrows) showed 
Cx43 immunoreactivity in the choroid at 24 hours post-exposure.  C: Co-localisation of Cx43 and 
CD45 immuno-labelling was detected in the normal retina.  D: Some CD45 immuno-labelled 
macrophages/microglia (arrows) showed Cx43 immunoreactivity in the retina at 24 hours following 
the light damage.  Abbreviations: OS/IS, outer segment/ inner segment; ONL, outer nuclear layer; 
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 
cell layer.  Scale bar = 50 µm. 
 
 
 

 
Figure 3-9. Confocal images showing co-localisation of Cx43 and oxidative stress marker, 
nitrotyrosine in the light-damaged choroid.  A: In control choroid, nitrotyrosine immunoreactivity 
was barely detectable.  B: At 24 hours following the light damage, nitrotyrosine immune-labelled 
cells showed expression of Cx43 (arrows) in the choroid.  Scale bar = 50 µm. 
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3.3.8  Intense light exposure leads to RPE changes 

 

RPE morphology and expression of connexin proteins were compared in tissues collected 

from the control and light-damaged groups.  In the normal tissue, phalloidin staining showed 

that RPE cells were hexagonal or pentagon-shaped and with one or two nuclei (Figure 3-19).  

At 24 hours following light damage, some patches of cells showed stronger phalloidin 

staining in the light-damaged RPE tissue (Figure 3-19B, arrows), while the staining for 

phalloidin was even in the undamaged control tissue (Figure 3-19A).  More intense staining 

for phalloidin in some parts of the control tissue was due to difficulties of imaging the 

waving tissue.  In addition, some of the cells were swollen and had more than two nuclei 

(Figure 3-19H, arrows) as if cells had become merged or were dividing. 

 

As Cx43 was the only connexin protein found expressed in the RPE of all the connexin 

proteins which were investigated in this study, further examination of Cx43 expression 

changes was made through immunohistochemistry on the flat-mount RPE/choroid tissue.  

There was no distinguishable difference for Cx43 expression patterns between light-

damaged RPE and control RPE (Figure 3-19C&F).  The immunoreactivity of Cx43 was 

mainly located on cell plasma membrane, co-localising with the phalloidin staining.  Little 

Cx43 immunoreactivity was detected in the cytoplasm of the RPE cells (Figure 3-19E&H). 
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Figure 3-10. Confocal images of flat mounts showing RPE changes following the light damage 
and Cx43 immunoreactivity in the RPE.  A&B: Phalloidin staining showing the morphology of 
RPE in the control (A) and light-damaged tissue (B).  Some patches of RPE cells were strongly 
stained with phalloidin following the light damage (arrows in B).  C-E: The control RPE tissue was 
immuno-labelled for Cx43 (C), stained for phalloidin (D) and the overlay of Cx43, phalloidin and 
DAPI (E).  F-H: Tissue collected at 24 hours following light damage was immune-labelled for Cx43 
(F), stained for phalloidin (G) and the overlay of Cx43, phalloidin and DAPI (H), which did not 
reveal any differences to the control.  Scale bars = 50 µm. 
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3.4  Discussion 
 

This study has demonstrated that 24 hours intense light exposure significantly reduced the 

function of both rod and cone photoreceptors in the albino rat.  Oxidative stress was 

primarily observed in the choroid and RPE, while in the retina only a transient increase was 

observed at 24 hours post-exposure.  In the choroid, the oxidative stress was co-localised 

with inflammatory cells and patchy areas around blood vessels that were close to the RPE.  It 

was evident that the residential retinal microglia cells had tracked to the outer retina 

immediately following the light damage.  In the normal retina these microglia cells were 

recognised by both Iba-1 and the common leukocyte antigen CD45.  Intense light exposure 

led to activation of these cells and a loss of CD45.  ED1 showed many inflammatory cells in 

the choroid but failed to detect activated microglia in the retina.  Gap junction proteins 

showed response to the intense light exposure.  Immunoreactivity of Cx36 and Cx45 

demonstrated obvious change in the inner plexiform layer of the retina at 24 hours following 

light damage, compared to control and 7 days post-exposure retinas.  This may be associated 

with impaired light signal transduction and reduced inner retinal function detected by ERG.   

Significant up-regulation of Cx43 was found in the choroid and RPE at 0 and 6 hours 

following light damage, while little change was detected in the retina.  This may indicate that 

intense light exposure causes more stress on the Cx43-expressing cells in the choroid and 

RPE than those in the retina.  Cx40-expressing cells in the choroid also showed response to 

the light damage by exhibiting increased Cx40 immunoreactivity relative to control. 

 

 

3.4.1  Reduced neuronal responses from both the rod and cone pathways  

 

This study has demonstrated that the intense light exposed albino rat retinas show 

significantly reduced amplitudes of a-waves, b-waves and OPs with little change in implicit 

times in the electrophysiological activity (Figure 3-2, Figure 3-3 and Figure 3-4).  

Interestingly, similar findings on ERG changes with human AMD have been reported in 

previous studies, which showed decreased a- and b-waves, especially reduced amplitudes of 

b-wave with normal implicit times, and also significantly reduced amplitudes of OP2 
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(Walter et al., 1999; Jackson et al., 2006).  Despite previous histological findings on human 

AMD donor tissue showing that rods located in the periphery of the macula start 

degenerating first and are more vulnerable than cones (Curcio et al., 1996; Curcio et al., 

2000), the isolated rod and cone ERG data presented here indicate a simultaneous 

attenuation of neuronal responses from both rod and cone pathways in our light-damaged 

animal model.  This would be mainly due to the fact that the rat retina does not have the 

macula arrangement. 

 

TUNEL labelling demonstrated that increased photoreceptor cell loss may be associated with 

impaired retinal function (Figure 3-5).  Cell death was observed at various recovery periods 

but the amount of cell death was not enough to account for the significant reduction in ERG 

waveforms.  This suggests that other mechanisms could also be involved in the impaired 

retinal function.  One possible mechanism affecting rod photoreceptor responses is the 

structurally disorganised rod outer segment in the light-damaged retina which has been 

suggested as a source of ERG abnormalities in an earlier study on infant rats (Fulton et al., 

1999).  Alternatively, we suggest that oxidative stress and inflammatory responses may 

additionally affect the microenvironment where the photoreceptors sit and subsequently 

affect neuronal functions in the retina.  To date, there is not enough evidence supporting the 

idea that oxidative stress can directly alter retinal function.  However, many studies have 

indicated a close association between ERG abnormalities and oxidative stress.  Edaravone 

(3-methyl-1-phenyl-2-pyrazolin-5-one), a free radical scavenger, can protect against retinal 

dysfunction and improve ERG responses after light damage in the mouse (Imai et al., 2010).  

In addition, an antioxidant component extracted from green tea, epigallocatechin gallate 

(EGCG), improves otherwise reduced neuronal functions in the ischemic rat retina (Osborne 

et al., 2008).  Transgenic mice carrying a superoxide dismutase transgene showed less 

oxidative stress-induced reduction in ERG amplitudes, conferring high importance to 

oxidative stress in the outcome of the ERG (Dong et al., 2006). 
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3.4.2  Alterations in Cx36 and Cx45 expression levels may contribute to the reduced 

post-transductional activities seen on ERG PII waveforms 

 

The significantly reduced amplitudes of the rod and cone PII waveforms demonstrated in 

this study indicates that post-transductional activities are attenuated in both rod and cone 

pathways in our light-damaged animal model (Figure 3-3 and Figure 3-4).  Furthermore, OPs 

have been proven to be generated from bipolar cells, amacrine cells and ganglion cells 

located in the inner retina (Wachtmeister, 1998).  Therefore, the reduction in OPs in the 

light-damaged animal model indicates that the inner retina is injured and probably the OFF-

pathway involving amacrine cells is mostly affected (Wachtmeister, 1998).  The result from 

immunohistochemical labelling for Cx36 and Cx45 in the inner plexiform layer in our light-

damaged animal model supports the attenuated ERG record for the post-photoreceptor 

neuronal function.  Obvious changes in Cx36 and Cx45 immunoreactivity have been noticed 

in the light-damaged retina, compared with the control tissue (Figure 3-15).  Previous studies 

on rat retina have demonstrated that Cx36 and Cx45 are expressed on AII amacrine cells and 

ON cone bipolar cells (Veruki & Hartveit, 2009).  Cx36 has also been found in alpha retinal 

ganglion cells in the rat retina (Hidaka et al., 2004).  This current study has found that Cx36 

is increased at 24 hours following intense light exposure (Figure 3-15B), consistent with 

previous reports on Cx36 expression levels in dark or light adapted animals (Striedinger et 

al., 2005; Kihara et al., 2006; Hu et al., 2010).  Both transcript and protein of Cx36 are 

significantly decreased after dark-adaptation in the mouse retina (Kihara et al., 2006).  

Increased Cx36 protein has been demonstrated to be associated with laser-created retinal 

lesions, and Cx36-deficient (Cx36-/-) mice exhibit a significant increase in cell death after 

trauma (Striedinger et al., 2005).  In our light-damaged animal model Cx45 

immunoreactivity was decreased at 24 hours post-exposure (Figure 3-15E).  Thus far, to the 

best of our knowledge, there has not been any report on alterations in Cx45 expression in the 

light-damaged animal.  Findings in the mouse retina following prolonged dark-adaptation 

are not parallel with our results but have shown that the transcript of Cx45 is significantly 

decreased in response to dark-adaption (Kihara et al., 2006).   
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3.4.3  In the light-damaged animal model nitration of phospholipids occurs first in the 

choroid  

 

Oxidative stress is the damage caused by reactive oxygen species (ROS) or reactive nitrogen 

species (RNS) in cells or tissues.  The retina is a high oxygen consumption tissue and it 

generates high levels of ROS and NOS through normal cellular metabolism and 

photochemical reactions.  Normally rhodopsin bleaching initiates visual transduction and 

triggers changes in the RPE.  Under normal light conditions, the disks are shed from the 

distal tips of the outer segments of the photoreceptors and cleared mainly by the RPE.  

Intense light exposure leads to permanently shed disks and causes an overall decrease in rod 

length (Organisciak & Vaughan 2010).  It also results in large numbers of phagosomes 

accumulating in the RPE, a process closely associated with the formation of lipofuscin (Ng 

et al., 2008).  Oxidative stress could also induce mitochondrial DNA damage in both human 

AMD and light-damaged animal models (Barron et al., 2001; Godley et al., 2005).  Many 

studies of human donor tissue have suggested that oxidative stress is the trigger for AMD 

(Beatty et al., 2000; Olsen et al., 2007; Suzuki et al., 2007; Khandhadia & Lotery, 2010).  

Pioneer studies have demonstrated that light-damaged animals show extraordinary 

histological similarity to human AMD (Noell et al., 1966; Marc et al., 2008; Organisciak & 

Vaughan, 2010) and oxidative stress markers including lipofuscin and nitrotyrosine have 

been detected in the retina in light-damaged animal models (Fite et al., 1993; Xu et al., 

2009).  This study employed nitrotyrosine as the oxidative stress marker.  Nitrotyrosine is a 

marker for endogenous nitrosation and nitration, and is mainly associated with oxidised 

phospholipids (Ohshima et al., 1990; Greenberg et al., 2008).  The experimental evidence 

presented here suggests that oxidative stress induced by nitric oxide, a damaging reactive 

nitrogen species with cytotoxic and pro-angiogenic properties, in the light-damaged rats 

affects the retinal endothelial cell (Figure 3-11G).  This is comparable to the findings on the 

aging mouse retina in that nitrotyrosine-immunoreactivity has been shown to be remarkably 

increased along retinal blood vessels (Xu et al., 2009).  The results from Western blot and 

immunohistochemistry have shown that the oxidative stress marker was significantly 

increased in the choroidal vasculature, macrophages and RPE following the intense light 

exposure, and it happened much earlier than was detectable along blood vessels in the retina 

(Figure 3-11).  The macrophages in the choroid labelled with Iba-1 also showed intense 
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labelling for nitrotyrosine (Figure 3-11D-F).  This results are coincidently matched with 

findings on choroidal macrophages in human AMD-affected tissue (Cherepanoff et al., 

2010).  The study has demonstrated that macrophages in AMD patients, but not in the 

control subjects, have inducible nitric oxide synthase (iNOS), which is a major enzyme 

converting L-arginine to nitric oxide (Cherepanoff et al., 2010).  Studies on lipid 

peroxidation have suggested that endoplasmic reticulum stress is an important and early 

event, first seen with choroidal and RPE damage which triggers AMD (Libby & Gould, 

2010).  Research carried out two decades ago demonstrated that photosensitive compounds 

in the blood generate oxidants by intense light, which leads to damage to the 

choriocapillaris.  An antioxidant enzyme, glutathione peroxidase was also detected in the 

choroid (Rao et al., 1988; Gottsch et al., 1990).  A more recent study has established that 

light-induced DNA oxidation occurs in mouse choroidal endothelial cells (Wu et al., 2005).  

Comparable with these previous findings, results from this study suggest that lipid nitration 

is occurring in the choroid well before it can be detected in the retina.   

 

 

3.4.4  Oxidative stress may contribute to the activation of inflammatory responses 

with microglia playing a key role 

 

Double immuno-labelling of nitrotyrosine and Iba-1 in the choroid confirmed that lipid 

peroxidation was detectable in the macrophages following intense light exposure.  

Nitrotyrosine immunoreactivity has shown that free radical production and lipid 

peroxidation as an end product of NO production are present in the choroid.  Co-localisation 

of nitrotyrosine and the inflammatory cell marker, Iba-1 in the light-damaged choroid 

(Figure 3-11D-F) indicates a close association between oxidative stress and inflammatory 

responses.  The lipid whisker model suggests that oxidised phospholipids from senescent 

and apoptotic cells can be recognised by receptors on macrophages and are then cleared up 

by the innate immune system (Greenberg et al., 2008).  In this study, nitrotyrosine 

immunoreactivity detected in the Iba-1 immuno-labelled cells has provided a good indication 

of where the oxidised phospholipids end up.  These findings suggest that oxidative stress is a 

preamble for the inflammatory responses that follow.   
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The inflammatory response is directly associated with degenerating cells in the light damage 

model (Rutar et al., 2011a).  The result here has shown that microglial cells are present in 

the outer nuclear layer immediately following intense light exposure.  Accumulating 

evidence has shown that perivascular and subretinal microglia may play an important role in 

age-related retinal disease.  The accumulated microglia secrete cytokines, such as vascular 

endothelial growth factor (VEGF), which can promote angiogenesis in the choroid in AMD 

(Penfold et al., 2001).  The number of Iba-1 immuno-labelled microglia is significantly 

increased in the aging mouse RPE-choroid comparing to young animals (Xu et al., 2008b).  

The cell counts throughout the retina at 0 and 6 hours following light damage in the current 

study (Figure 3-7G-I) indicate that these responding microglial cells in the outer nuclear 

layer are very likely recruited from the inner layers of the retina.  The elevation in the total 

number of microglia counts in the retina though (Figure 3-7G-I) suggests recruitment of 

monocytes/macrophages across the blood-retina barrier (Xu et al., 2007), and possibly 

across damaged RPE basal membrane from the choroid (Rutar et al., 2010).  Interestingly, 

this study showed that activated microglial cells induced by the light damage lose the CD45 

marker (Figure 3-9).  An earlier study has shown that most microglial cells expressing CD45 

also express Iba-1 in the normal mouse retina (Gregerson & Yang, 2003).  In vitro study has 

found that cultured retinal CD45-positive cells are not actively involved in the antigen-

presenting activity (Gregerson et al., 2004).  In a more recent study Xu et al (2009) report 

decreased CD45 expression in a significantly great number of microglia in the aged mouse 

retina compared to the young, in parallel with the increased number of those cells strongly 

expressing Iba-1 that they had reported earlier (Xu et al., 2008b).  These results are 

consistent with those in this thesis in the light-damaged albino rat model.  Taken together, all 

these findings suggest that the reduction in expression of CD45 may a very good indicator of 

microglial activation.   
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3.4.5  Alterations in Cx43 expression is associated with oxidative stress and 

inflammation in light-damaged tissue 

 

This study has demonstrated that Cx43 protein expression is increased in the choroid and 

RPE following light damage but little change has been detected in the retina (Figure 3-12).  

This finding is paralleled with many studies on animal models for central nervous system 

injuries (Hossain et al., 1994; Lee et al., 2005; Ohsumi et al., 2006; Haupt et al., 2007).  

Abnormal expression of Cx43 has been found associated with many human health 

conditions and in many animal models for ocular diseases.  The immunoreactivity of Cx43 is 

up-regulated in human glaucomatous retina compared to normal retinal tissue.  Increased 

Cx43 expression is mainly seen in the astrocytes located in the retinal ganglion cell layer of 

peripapillary and mid-peripheral regions.  In the peripapillary region, up-regulated Cx43 is 

also expressed along glial fibrillary acidic protein (GFAP)-labelled Müller cell processes 

throughout the entire retina.  Retinal endothelial cells retain the same expression level of 

Cx43 in the glaucomatous retina as the controls (Kerr et al., 2011).  Elevated Cx43 

expression was also detected in the rat retina, paralleled with changes in GFAP 

immunoreactivity and ganglion cell loss following optic nerve injury (Chew et al., 2011).  It 

is interesting, therefore, to compare the changes seen in Cx43 following light damage in the 

albino rat model which appeared to be restricted primarily to the choroid and RPE. 

 

This study has found that the up-regulated expression of Cx43 was on CD45-positive 

macrophages in the choroid and the retina following the light damage (Figure 3-17).  In the 

choroid, the expression of Cx43 was also detected on the nitrotyrosine immune-labelled 

macrophages post-exposure (Figure 3-18).  This finding is parallel with many in vitro 

studies.  It has been shown that up-regulated Cx43 protein is detected in primary culture of 

microglia after treatment with bacterial lipopolysaccharide (LPS) plus interferon-γ (INF-γ) 

or tumour necrosis factor-α (TNF-α) plus INF-γ (Eugenín et al., 2001).  

Monocytes/macrophages only express Cx43 after being stimulated by exposure to 

interferon-gamma (IFN-γ) and tumour necrosis factor-α (TNF-α) but not under physiological 

conditions (Eugenín et al., 2003).   A more recent study has demonstrated that expression of 

Cx43 by activated phagocytes is critical for the regulation of phagocytosis and 

rearrangement of the F-actin cytoskeleton (Anand et al., 2008).  Cx43 has also been found to 
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be expressed on many other residential and circulating leukocytes, including neutrophils, 

dendritic cells and lymphocytes (Pfenniger et al., 2013).  However, so far, relatively little 

has been reported on Cx43 expression by inflammatory cells in tissue from in vivo 

investigation.  Results from this study suggests that Cx43 is only expressed on activated 

macrophages in the choroid following the intense light exposure, which may be critical for 

the role of these inflammatory cells.  Tuning down the function of Cx43 may result in down-

regulation of the inflammatory response in the tissue after the light damage as is seen after 

down regulation of Cx43 in skin and spinal cord wounds (Qiu et al., 2003; Coutinho et al., 

2005; Cronin et al., 2008). 

 

In summary, the present study has revealed retinal function changes in the light-damaged 

albino rat model at various recovery time-points following the injury.  The results have 

demonstrated that oxidative stress starts primarily in the choroid immediately post-exposure.  

The oxidative stress is closely associated with inflammatory responses, which may lead to 

further tissue damage.  Activated inflammatory cells and the injured tissue following the 

light damage show increased Cx43 expression which was closely associated with oxidative 

and inflammatory damage processes.  Findings from this study contribute to a better 

understanding of the injury process occurring in the light-damaged albino rat model, which 

provides valuable information on pathogenesis mechanisms of human AMD condition.  This 

study also suggests that manipulating the function of gap junction channels, particularly 

Cx43 channels, has potential to reduce visual deficits in early AMD. 
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Chapter 4:  Connexin43 mimetic peptide improves 

retinal function in the light-damaged animal model of 

age-related macular degeneration 
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4.1  Introduction 
 

Connexin43 (Cx43) is the most ubiquitously expressed gap junction protein in mammalian 

embryos and adults (Reaume et al., 1995; Laird, 2006).  Gap junction proteins form conduits 

for intercellular communication, which allows rapid exchange of nutrients, metabolites, ions, 

and small molecules up to 1 kDa between cells.  One complete intercellular channel is 

formed by two hemichannels located on the membrane of each adjacent cell (Goodenough et 

al., 1996; Evans & Martin, 2002).  In general, the non-junctional hemichannels remain 

closed under physiological conditions.  However, cells may respond to metabolic inhibition, 

such as hypoxia and ischemia, by opening of the hemichannels, which leads to 

cytomembrane depolarisation and secondary messenger leakage from the intracellular stores 

into the extracellular space, such as Ca2+ and ATP (Contreras et al., 2002; Goodenough & 

Paul, 2003).  Many in vitro studies have demonstrated that raised function of Cx43 

hemichannels is associated with cell injury and cell death of astrocytes and endothelial cells 

(Contreras et al., 2002; Vergara et al., 2003; Faigle et al., 2008). Cx43 is found in astrocytes 

and in the endothelium in the central nervous system (CNS) (O'Carroll et al., 2008; 

Davidson et al., 2012a), in the retinal pigment epithelium (RPE), endothelium of the blood 

vessels, astrocytes, and Müller cells (Janssen‐Bienhold et al., 1998; Theis et al., 2001; Zahs 

et al., 2003; Kerr et al., 2011).  Amacrine cells from the zebrafish retina likewise express 

Cx43, indicating Cx43 may also be expressed in neurons (Janssen‐Bienhold et al., 1998).  

Increased Cx43 protein and/or transcript is associated with many human CNS injuries and 

diseases, including stroke, epilepsy and Huntington’s disease (Elisevich et al., 1997; Vis et 

al., 1998; Nakase et al., 2006).  Relevant to retinal disease or injuries, Cx43 has been shown 

to be up-regulated in glaucoma (Kerr et al., 2011; Danesh-Meyer et al., 2012) and following 

optic nerve injury (Chew et al., 2011). These findings suggest that down-regulating Cx43, 

and especially blocking Cx43 hemichannels may provide protection to the tissue following 

injuries. 

 

Connexin mimetic peptides are short synthetic amino acid peptides designed to match 

sequences in the two extracellular loops of connexins (Evans & Boitano, 2001).  Cx43 

mimetic peptides regulate cellular plasma membrane permeability by blocking hemichannels 
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(Retamal et al., 2007; O'Carroll et al., 2008).  Peptide5, the Cx43 mimetic peptide used in 

this study, has demonstrated neuroprotective effects in both in vitro and in vivo studies.  

Applying peptide5 to the culture medium has significantly reduced tissue damage following 

spinal cord injury in organotypic culture (O'Carroll et al., 2008).  Local administration of 

peptide5 via an external pump significantly improved electroencephalographic power and 

brain function in a model of sheep fetal global cerebral ischemia induced by bilateral carotid 

artery occlusion, although the neuron survival has not significantly improved (Davidson et 

al., 2012a).  Another study has shown that peptide5 delivered systematically has 

neuroprotective effects for retinal ganglion cells in a rat model of retinal ischemia-

reperfusion (Danesh-Meyer et al., 2012).   

 

The current study aims to assess whether blocking Cx43 hemichannels with a mimetic 

peptide through intravitreal injection improves retinal function in the light-damaged albino 

rat.  Based upon the results presented in Chapter 3, it is known that retinal function 

dramatically drops in the light-damaged rat and there is up-regulation of Cx43 associated 

with inflammation and oxidative stress occurring mostly in the RPE/choroid.  We 

hypothesised that applying a Cx43 specific mimetic peptide, peptide5, would lead to down-

regulation of the inflammatory response in the RPE/choroid reducing the extent of damage 

and promoting recovery of retinal function following light damage.  The penetration of 

fluorescein isothiocyanate (FITC)-conjugated peptide5 into the retina and choroid following 

intravitreal injection was checked to ensure that the mimetic peptide reached the targeted 

RPE/choroid area.  Electroretinogram (ERG) was used for assessing the retinal function.   

 

Microglia/macrophage-mediated inflammatory responses were investigated in the tissue 

collected after the ERG test.  This study has shown that intravitreal injection is an efficient 

means for local delivery of peptide5 into the retina, RPE and the choroid.  Blocking Cx43 

hemichannels using this specific Cx43 mimetic peptide significantly improved retinal 

function and decreased the inflammatory response in the choroid.   
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4.2  Methods 
 

4.2.1  Animal handling 

 

The experimental protocol involved exposing animals to intense light followed by injections 

with Cx43 mimetic peptide or sham (saline), and variable periods of recovery.  Briefly, 

animals were exposed to intense light for 24 hours and were anaesthetised before delivering 

the mimetic peptide. 

 

Intravitreal injections were used as described in Section 2.1.3, Chapter 2.  For the group that 

was injected during the light exposure period, animals were returned to light exposure after 

the intravitreal injection.  For other groups, animals were returned to dark-adaption for 

electroretinogram (ERG) or housing conditions after recovery from anaesthesia (Figure 4-1).  

For each individual rat, both eyes were either injected with peptide5 or injected with sham 

(saline).  The number of animals used in this study is listed in Table 4-1. 
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Figure 4-1. Experimental groups of the light-damaged rats with intravitreal treatment.  In all 
treatment groups, half of the animals received intravitreal injection with mimetic peptide (final 
concentration 20 µM) and the other half received sham (saline) as a control.  The syringes indicate 
time points at which injections were given, and ERG↓ indicates time points at which ERGs were 
recorded. 
 

Table 4-1. Animal numbers used in the intervention experiments with either peptide5- or 
sham-treatment.
  
 
  

1 injection 
post-LD, 
24h rest 

2 injections 
post-LD,  
24h rest 
(Strategy A) 

2 injections 
during LD,  
24h rest 
(Strategy B) 

2 injections 
post-LD,  
7d rest 
(Strategy C) 

2 injections 
during LD,  
0h rest 
(Strategy D) 

Peptide5 n=6 n=8 n=5 n=4 n=4 
Sham n=6 n=6 n=5 n=4 n=4 
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4.2.2  Cx43 mimetic peptide preparation  

 

Peptide5, the Cx43 mimetic peptide used in this study was designed against the end amino 

acids of extracellular loop 2 of the Cx43 protein and has demonstrated its neuro-protective 

effect in several organotypic culture and animal models (O'Carroll et al., 2008; Danesh-

Meyer et al., 2012; Davidson et al., 2012a).  The detailed information and preparation of 

peptide5 have been described in Section 2.1.2, Chapter 2.  The sham control animals were 

injected with saline. 

 

 

4.2.3  Electroretinogram (ERG) recording and data analysis 

 

The procedure was adapted from that used in a previous study (Vessey et al., 2011).  The 

animals were dark-adapted overnight for 12-14 hours before the electroretinogram (ERG) 

recording, apart from two groups which were treated with peptide5 or sham treated during 

light damage with 0 hour recovery (Strategy C in Figure 4-1).   

 

 

4.2.4  Immunohistochemistry 

 

The procedure was conducted as described in Section 2.4, Chapter 2.  Briefly, after 

hydration, sections were blocked with a solution containing normal goat serum or donkey 

serum (Invitrogen, USA), 1% bovine serum albumin (BSA) and 0.5% triton X-100 in 0.1 M 

PBS for 1 hour at room temperature.  The tissues were immuno-labelled with primary 

antibodies, including rabbit anti-Cx43, guinea pig anti-Cx40, rabbit anti-Cx36, mouse anti-

Cx45, mouse anti-CD45, mouse anti-GFAP and goat anti-Iba1 antibodies.  The primary 

antibody details are given in Table 2-1, Chapter 2.  Tissue sections were incubated with the 

primary antibody overnight at room temperature.  The secondary antibody, goat anti-rabbit, 

goat anti-mouse, sheep anti-guinea pig, or donkey anti-goat antibody was diluted 1:500 and 
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was applied for 2 hours in the dark at room temperature.  Slides were rinsed several times in 

0.1 M PBS, mounted in non-fluorescence fading medium and sealed.  

 

 

4.2.5  Imaging 

 

All the images were acquired from immuno-labelled sections using a high-resolution laser 

scanning confocal microscope (Olympus FluoView FV1000, Japan) with 488 nm and/or  

594 nm excitation from an argon ion laser.  A series of 4-8 optical sections with 1 µm 

intervals were collected for each specimen and image analysis was performed on a stack 

image of intensity projection over the z-axis.  Six retinas obtained from different animals 

were analysed for each group, and the representative images shown. 

 

 

4.2.6  Statistical analysis 

 

Graphing and statistical analyses were performed using GraphPad Prism 6 (GraphPad 

Software, USA).  All data was presented as the mean ± standard error of the mean (SEM).  

The comparison of the effects of stimulus intensity and recovery from the ERG data was 

performed using a two-way ANOVA followed by a Bonferroni post-hoc test.  The 

comparison of recovery from the light-exposure at the intensity of 2.1 log cd.s/m2 was 

conducted by using an unpaired Student’s t-test with a Welch’s correction.   
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4.3  Results 
 

4.3.1  Permeability of Cx43 mimetic peptide following intravitreal injection 

 

To ensure that peptide5, the Cx43 mimetic peptide, was able to reach the targeted tissue by 

intravitreal injection, the permeability of the peptide was investigated.  Both the usual 

working concentration (280 µM) for the light-damaged animal treatment and a ten times 

(10x) higher concentration (2.8 mM) were tested for increased imaging sensitivity.  At the 

working concentration, the permeability of peptide5 was assessed in both normal non-light-

damaged animals and animals which had been exposed to 24 hours intense light.  It was 

found that the mimetic peptide penetrated readily through the retina, RPE and choroid within 

30 minutes of the intravitreal injection at both 10x higher concentration (Figure 4-2) and 

normal working concentration (Figure 4-3).  However, the higher concentration (2.8 mM) 

showed a wider spread of the peptide in the retina and the choroid and was co-localised with 

most cell types (Figure 4-2).  The working concentration (280 µM) showed a much more 

specific localisation of the mimetic peptide to the retinal vessels, RPE and choroidal vessels 

(Figure 4-3 and Figure 4-4).  Interestingly, the peptide showed higher affinity to the retinal 

vessels and RPE in the light-damaged ocular tissue compared to the control in both flat-

mount tissue images and cross-sectioned tissue images (Figure 4-3A-D and Figure 4-4).  

Little difference in the fluorescence intensity was observed in the blood vessels in the 

choroid between the control and the light-damaged tissue (Figure 4-3E&F and Figure 4-4).  

Nevertheless, peptide5 showed high penetration through the retina and into the choroid, with 

some evidence for specificity targeting endothelial cells at the working concentration of  

280 µM. 
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Figure 4-2. Permeability of FITC-conjugated peptide5 at 10x higher concentration following 
intravitreal injection.  FITC-conjugated peptide5 at 10x higher than normal working concentration 
(2.8 mM) was injected into the vitreous immediately after 24 hours intense light exposure. The final 
intraocular concentration was 200 µM.  Tissues were collected 30 minutes post-injection.  A:  
Peptide5 localised in many cells and the retinal blood vessels in the retina flat-mount tissue.  B: 
Peptide5 had a wide-spread distribution in the choroid in the choroid flat-mount tissue.  C: Peptide5 
was present in layers of the retina with the highest concentration in the ganglion cell layer (arrows) in 
a retinal cross section.  D: Peptide5 penetrated through the retina and RPE, and reached the choroid 
and sclera with high affinity to the endothelial cells of the choroidal blood vessels (arrows).   
Scale bars = 50 µm. 
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Figure 4-3. Flat-mount tissues showing permeability of FITC-conjugated peptide5 at the 
working concentration following intravitreal injection.  A&B: Peptide5 injected at working 
concentration (280 µM) distributed in the normal (A) and light-damaged retina (B).  The final 
intraocular concentration was 20 µM.   The blood vessels showed the most intense fluorescence 
(arrows).  C&D: The mimetic peptide showed higher affinity to the RPE in the light-damaged tissue 
(D) than the control (C).  E&F: Peptide5 was able to reach the choroid following the intravitreal 
injection where it mainly localised to the blood vessels (arrows).  Scale bar = 50 µm. 
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Figure 4-4. Cross sections showing permeability of FITC-conjugated peptide5 at the working 
concentration following intravitreal injection.  The cross sections showed peptide5 injected at 
working concentration (280 µM) penetrated readily through the retina, RPE and into the choroid and 
the sclera in both control (A) and light-damaged rat tissue (B). 
 

 

4.3.2  A single Cx43 mimetic peptide treatment non-significantly improved retinal 

function in the light-damaged rats  

 

The electroretinogram (ERG) was used to investigate the effect of the Cx43 mimetic peptide 

(peptide5) on retinal functions in the light-damaged albino rat model.  The first experiment 

consisted of testing the effect of a single dose of peptide5.  Representative waveforms 

showed improvements in peptide5-treated rats compared to sham-treated animals (Figure 

4-5).  There were non-significant improvements for the amplitudes of mixed a- and b-

waveforms (Figure 4-6A&C).  The implicit time showed very similar results in peptide5- 

and sham-treated animals (Figure 4-6B&D).   

 

The twin-flash paradigm used in this study allowed us to isolate rod responses from mixed 

waveforms by subtraction of cone responses.  The rod PIII response showed that rod 

photoreceptors exhibited a non-significant increase for both amplitude and sensitivity in 

peptide5-treated rats comparing to the sham-treated animals (Figure 4-7A&B).  The 

peptide5-treated rats also showed a non-significant increase for the rod PII amplitude and a 

significantly shorter implicit time (Figure 4-7C&D), suggesting a better recovery in 

peptide5-treated group for rod post-photoreceptor response. 
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The cone post-photoreceptor response was reflected by the cone PII waveform.  There was 

no significant difference for both amplitude and implicit time between mimetic peptide- and 

sham-treated animals (Figure 4-8).  However, there was a tendency towards increased 

amplitude and decreased implicit time (Figure 4-8). 

 

The inner retinal function, including functions of ON-pathway neurons and lateral inhibitory 

circuits of inner retinal neurons were measured after isolation of the OPs (Weymouth & 

Vingrys, 2008).  The summed OP responses showed a significantly increased amplitude in 

peptide5-treated rats comparing to sham-treated animals (p < 0.05, Figure 4-9A).  The 

implicit time was not different between sham- and peptide5-treated groups (Figure 4-9B). 

 

 
Figure 4-5. Representative mixed ERG waveforms following single dose sham- and peptide5-
treated light-damaged rats.   Representative mixed ERG waveforms are presented for sham- (A) 
and peptide5-treated rats (B) at intensities ranging from -3.9 to 2.1 log cd.s/m2.  
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Figure 4-6. The mixed ERG response showed a trend towards improvement in rats treated with 
a single dose of peptide5 following light damage.  A: The average amplitude of the a-wave 
response from the mixed waveforms showed a tendency toward larger amplitude of the photoreceptor 
derived component in peptide5 treated rats compared with the sham.  However, there was no 
significant difference.  B: The average a-wave implicit time did not show any difference between 
mimetic peptide and sham-treated rats.  C: Peptide5-treated rats also showed a tendency for 
improvement of mixed b-wave amplitudes.  A significant increase showed at the intensity of 1.1 log 
cd.s/m2 (p < 0.01).  D: Mixed b-wave implicit times showed no difference between peptide5- and 
sham-treated rats at all the higher intensities, except at the lowest intensity -3.9 log cd.s/m2, where 
the peptide5-treated rats showed a significantly longer implicit time (p < 0.001).  All average data are 
expressed as mean ± SEM, n=11 in the sham-treated group and n=12 in the Cx43 mimetic peptide-
treated group.  Statistical analysis was completed by using a two-way ANOVA and a Bonferroni 
post-hoc test.  
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Figure 4-7. A single dose of peptide5-treated rats showed a tendency toward improvement for 
rod PIII and PII responses.  A: Rod PIII amplitude showed only a non-significant increase in 
peptide5-treated rats compared with the sham-treated animals.  B: Rod PIII sensitivity was also non-
significantly higher in the peptide-treated group.  C: Rod PII showed a trend towards increased 
amplitude in peptide5-treated rats.  D: Rod PII implicit time was significantly shorter in the peptide5-
treated rats compared with the sham-treated animals, p < 0.05.  All average data are expressed as 
mean ± SEM, n=12 in each group.  Statistical analysis was completed by using an unpaired Student’s 
t-test with Welch’s correction.  Abbreviation: MP, Cx43 mimetic peptide. 
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Figure 4-8. The cone PII response showed a non-significant improvement in cone post-
photoreceptoral pathway after a single dose of peptide5-treatment.  A: Cone PII amplitude 
showed a non-significant increase in peptide5-treated rats.  B: Peptide5-treated rats showed a non-
significantly shorter cone PII implicit time compared to sham-treated animals.  All average data are 
expressed as mean ± SEM, n=12 in each group.  Statistical analysis was completed by using an 
unpaired Student’s t-test with a Welch’s correction.  Abbreviations: MP, Cx43 mimetic peptide. 
 
 
 
 
 
 

 
Figure 4-9. A single dose of peptide5-treated rats showed improved summed oscillatory 
potentials.  A: The amplitude of summed oscillatory potentials (OPs) was significantly higher in 
peptide5-treated rats, p < 0.05.  B: Both sham- and peptide5-treated groups showed a similar 
summed OP implicit time.  All average data are expressed as mean ± SEM, n=12 in each group.  
Statistical analysis was completed by using an unpaired Student’s t-test with Welch’s correction.  
Abbreviation: MP, Cx43 mimetic peptide. 
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4.3.3  A double dose of Cx43 mimetic peptide significantly improved the mixed a- and 

b-wave responses in light-damaged rats 

 

To investigate a more sustained dosage effect of Cx43 mimetic peptide (peptide5) on the 

light-damaged albino rat, two intravitreal injections were applied to the animals with four 

different strategies (Figure 4-1).  Results here compare the retinal function of rats using 

ERG.  Comparison of the mixed waveforms is described first, followed by an explanation of 

isolated rod and cone responses for each treatment strategy in the following section. 

 

Strategy A consisted of two treatments at 0 and 6 hours after a 24-hour period of intense 

light exposure (Figure 4-1).  Recordings were conducted 24 hours after the offset of light 

exposure.  Representative waveforms from sham- and peptide5-treated groups are presented 

(Figure 4-10).  The amplitude of mixed a-wave showed a general increase in mimetic 

peptide-treated rats compared to sham-treated animals over intensities from 0.1 to 1.8 log 

cd.s/m2, with a significant increase at 1.1 log cd.s/m2 (p < 0.01; Figure 4-11A).  Similar 

implicit times of mixed a-wave were seen for sham- and peptide-treated groups except for an 

unusual drop at -2.9 log cd.s/m2 in the control group (p < 0.0001; Figure 4-11B).  The mixed 

b-wave, which reflects the inner retina function, showed similar amplitude and implicit time 

in sham and peptide5-treated groups (Figure 4-11C&D). 

 

Rats treated in Strategy B showed the most obvious improvements out of all the strategies 

for mixed a-wave and b-wave in peptide5-treated groups compared with sham-treated groups 

(Figure 4-12).  Peptide5 was delivered during light exposure and at the beginning of the 

recovery period; ERG tests were conducted 24 hours after light damage.  The amplitude of 

mixed a-wave in peptide5-treated rats showed similar responses at the lower stimulus 

intensities (-3.9 to -1.9 log cd.s/m2) but a significant increase at all the high intensity 

responses above 0.1 log cd.s/m2 compared to the sham-treated group (p < 0.05; Figure 

4-12A).  The peptide5- and sham-treated animals showed similar implicit time for mixed  

a-waves (Figure 4-12B).  In the group treated with peptide5, the amplitude of mixed b-wave 

was significantly higher than for the sham-treated group at the intensities higher than  

0.1 log cd.s/m2 (p < 0.01), although not at the highest intensity (2.1 log cd.s/m2)  
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(Figure 4-12C).  The implicit time of mixed b-waves appeared to have similar results for 

peptide5- and sham-treated animals throughout all stimulus intensities (Figure 4-12D).  

 

Under Strategy C, rats were treated with two doses of peptide5 or sham after light damage 

and ERG recordings were conducted 7 days after offset of light exposure (Figure 4-1).  The 

peptide5-treated group showed in general increased amplitudes of a-wave and b-wave 

responses from the mixed waveforms.  However, none of these showed any statistical 

significance at any of the stimulus intensities (Figure 4-13A&C).  The implicit time of  

a-wave responses was significantly lower in the peptide5-treated group at the intensity of  

-3.9 and -2.9 log cd.s/m2 compared to the sham-treated group, but with very similar readings 

at all the other higher intensities (Figure 4-13B).  The implicit time of mixed b-waves 

appeared similar for peptide5- and sham-treated animals (Figure 4-13D). 

 

 
Figure 4-10. Representative mixed ERG waveforms for sham- and peptide5-treated rats after 
two intravitreal injections following light damage (Strategy A).  Representative mixed ERG 
waveforms are presented for sham- (A) and peptide5-treated rats (B) at intensities ranging from -3.9 
to 2.1 log cd.s/m2. 
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Figure 4-11. The average amplitude and implicit time of mixed a- and b-waves from ERG 
recordings in rats after two sham- or peptide5-injections (Strategy A).  A: The average 
amplitude of a-wave response from the mixed waveforms was slightly larger in peptide5-treated rats 
at most intensities ranging from -3.9 to 2.1 log cd.s/m2.  A significant increase showed at intensity of 
1.1 log cd.s/m2 (p < 0.01).  B: The average implicit time of mixed a-wave did not show any 
difference between sham- and peptide5-treated groups, except at -2.9 log cd.s/m2 when the peptide5-
injected rats had a significantly longer implicit time (p < 0.0001).  C: No difference was apparent for 
the average amplitude of mixed b-waves between sham- and peptide5-treated groups.  D: At the 
intensity of -3.9 log cd.s/m2, peptide5-treated rats showed significantly shorter implicit time than the 
sham-treated group (p < 0.001).  However, there was no difference between the two groups at other 
higher intensities.  All average data are expressed as mean ± SEM, n=11 in sham-treated group, and 
n=12 in peptide5-treated group.  Statistical analysis was completed by using a two-way ANOVA and 
a Bonferroni post-hoc test.  
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Figure 4-12. The average amplitude and implicit time of mixed a- and b-waves from ERG 
recordings in rats after two injections of sham- or peptide5 (Strategy B).    
A: The average amplitude of a-wave response from the mixed waveforms was similar at low 
intensities and significantly larger at higher intensities (over 0.1 log cd.s/m2) in peptide5-treated rats 
(p < 0.05 at 0.1 log cd.s/m2; p < 0.01 at 1.1 log cd.s/m2; p < 0.0001 at 1.6, 1.8 and 2.1 log cd.s/m2).  
B: The average implicit time for mixed a-waves did not show only difference between sham- and 
peptide5-treated groups.  C: The average amplitude of b-wave response from the mixed waveforms 
showed a general increase in peptide5-treated animals, with statistical significance shown at 0.1, 1.1, 
1.6 and 1.8 log cd.s/m2 (p < 0.01 at 0.1 and 1.6 log cd.s/m2; p < 0.001 at 1.1 and 1.8 log cd.s/m2).  D: 
Similar implicit times of mixed b-waves were apparent for peptide5- and sham-treated groups.  All 
average data are expressed as mean ± SEM, n=6 in sham-treated group, and n=7 in peptide5-treated 
group.  Statistical analysis was completed by using a two-way ANOVA and a Bonferroni post-hoc 
test.  
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Figure 4-13. The average amplitude and implicit time of mixed a- and b-waves from ERG 
recordings in rats 7 days following the treatment with a double dose injection (Strategy C).    
A: The average amplitude of a-wave response from the mixed waveforms was slightly larger in 
peptide5-treated rats at most intensities ranging from -3.9 to 2.1 log cd.s/m2.  B: The average implicit 
time for mixed a-waves did not show any difference between sham- and peptide5-treated groups, 
except at -3.9 and -2.9 log cd.s/m2 when the peptide5-injected rats showed a significantly longer 
implicit time (p < 0.0001 at -3.9 log cd.s/m2 and p < 0.05 at -2.9 log cd.s/m2).  C: No difference was 
apparent for the average amplitude of mixed b-waves between sham- and peptide5-treated groups.  
D: There was no difference for the average implicit time of mixed b-waves between sham- and 
peptide5-treated groups.  All average data are expressed as mean ± SEM, n=11 in sham-treated 
group, and n=12 in peptide5-treated group.  Statistical analysis was completed by using a two-way 
ANOVA and a Bonferroni post-hoc test.   
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4.3.4  The rod pathway response was significantly improved by a double dose of Cx43 

mimetic peptide  

 

 

For the rats under treatment Strategy A, the isolated rod PIII at the highest flash intensity of 

2.1 log cd.s/m2 showed that rod photoreceptoral activity was improved in peptide5-treated 

rats compared with sham-treated animals (Figure 4-14A&B).  Rod PIII amplitude was 

significantly increased in the peptide5-treated group (p < 0.01; Figure 4-14A).  The 

sensitivity was also increased but a significant difference was not reached (Figure 4-14B).  

In addition, the rod post-photoreceptoral activity was improved (Figure 4-14C&D).  There 

was a significant increase for rod PII amplitude in peptide5-treated rats compared with 

sham-treated animals (p < 0.01; Figure 4-14C).  A slight decrease for rod PII implicit time 

showed in the peptide-treated group but it was not significant (Figure 4-14D). 

 

Interestingly, cone post-photoreceptor activity showed a significant reduction in the 

peptide5-treated group compared with the sham-treated group (Figure 4-15).  The cone PII 

amplitude was dramatically decreased (p < 0.05; Figure 4-15A), and the implicit time was 

significantly increased (p < 0.05; Figure 4-15B) in the peptide5-treated group.  The summed 

OPs showed non-significantly decreased amplitude and a very similar implicit time in 

peptide5-treated rats compared with sham-treated animals (Figure 4-16). 

 

148 

 



 

 
Figure 4-14. The rod pathway showed improved photoreceptoral and post-photoreceptoral 
responses after two peptide5-injections in the light-damaged rats (Strategy A).    
A: The amplitude of rod PIII was significantly higher in peptide5-treated rats than sham-treated 
animals (p < 0.01).  B: The peptide5-treated rats showed a trend towards improved sensitivity of rod 
PIII response compared with sham-treated group.  C: Rod PII amplitude was significantly higher in 
the mimetic peptide5-treated group than sham-treated animals (p < 0.01).  D: Rod PII implicit time 
showed a non-significant reduction in peptide5-treated animals compared to sham-treated rats.  All 
average data are expressed as mean ± SEM, n=11 in sham-treated group, and n=12 in peptide5-
treated group.  Statistical analysis was completed by using unpaired t-test with Welch’s correction.  
Abbreviation: MP, Cx43 mimetic peptide. 
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Figure 4-15. Rats with two injections of peptide5 after light damage with 24 hours recovery 
(Strategy A) showed a decreased cone post-photoreceptoral response.  Strategy A consisted of 
two intravitreal injections with either peptide5 or sham post-LD with 24 hours recovery following 
light damage.  The peptide5-treated group (n=12) showed a significantly decreased cone PII 
amplitude (A; p < 0.05) and increased implicit time (B; p < 0.05) for the cone PII response, 
compared with the sham-treated group (n=11). All average data are expressed as mean ± SEM.  
Statistical analysis was completed by using an unpaired t-test with a Welch’s correction. 
Abbreviation: MP, Cx43 mimetic peptide. 

 

 
Figure 4-16. Summed OPs showed no difference between sham- and peptide5-treatments after 
light damage with 24 hours recovery (Strategy A).   A: The amplitude of summed OPs was 
slightly lower in peptide5-treated animals than sham-treated animals.  However, the difference was 
not significant.  B: Sham- and peptide5-treated groups showed similar implicit time for summed 
OPs.  All average data are expressed as mean ± SEM, n=11 in sham-treated group, and n=12 in 
peptide5-treated group.  Statistical analysis was completed by using an unpaired t-test with a Welch’s 
correction.  Abbreviation: MP, Cx43 mimetic peptide. 
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The isolated rod and cone functions were also analysed in the groups under treatment 

Strategy B, which showed the most significantly improved mixed a-wave and b-wave 

responses (Figure 4-12).  The rod PIII response showed a trend towards increased amplitude 

and significantly increased sensitivity (p < 0.05) in peptide5-treated group compared to 

sham-treated group (Figure 4-17A&B).  Peptide5-treated animals also showed significantly 

increased rod PII amplitude (p < 0.01; Figure 4-17C) and similar rod PII implicit time 

(Figure 4-17D).  The isolated cone PII response showed significantly improved amplitude  

(p < 0.05; Figure 4-18A) and very similar implicit time in peptide5-treated group compared 

to sham-treated group (Figure 4-18B).  The summed OPs showed no statistical significance 

between peptide5- and sham-treated groups (Figure 4-19). 

 

Analysis of isolated rod and cone responses from the group under treatment Strategy C (two 

injections post-LD with 7 days recovery following the offset of light damage) showed no 

difference between peptide5- and sham-treated animals (Figure 4-20, Figure 4-21 and Figure 

4-22).  However, a trend towards improvement of all the amplitudes of rod PIII, rod PII, 

cone PII and summed OPs was noticed (Figure 4-20A&C; Figure 4-21A and Figure 4-22A).   

 

For the group under treatment Strategy D (two injections during the light damage and no 

recovery following the light damage), only cone PII responses were analysed as animals 

were not dark adapted.  No statistical significance was detected in the cone PII responses 

(Figure 4-23).  However, the peptide5-treated animals showed a trend towards improved PII 

amplitude compared to the sham-treated animals (Figure 4-23A), and unexpectedly, the PII 

implicit time was non-significantly prolonged in the peptide5-treated group (Figure 4-23B). 
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Figure 4-17. The rod pathway showed improved photoreceptoral and post-photoreceptoral 
responses 24 hours after two injections of peptide5 during light damage (Strategy B).   
A: The amplitude of rod PIII showed a trend towards improvement in peptide5-treated rats compared 
with sham-treated animals, but no significance was achieved.  B: The peptide5-treated rats showed 
significantly improved sensitivity of rod PIII response compared with sham-treated group (p < 0.05).  
C: Rod PII amplitude was significantly higher in the mimetic peptide5-treated group compared to 
sham-treated animals (p < 0.01).  D: Rod PII implicit times showed a non-significant reduction in 
peptide5-treated animals compared to sham-treated rats.  All average data are expressed as mean ± 
SEM, n=6 in sham-treated group, and n=7 in peptide5-treated group.  Statistical analysis was 
completed by using an unpaired t-test with a Welch’s correction.  Abbreviation: MP, Cx43 mimetic 
peptide. 
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Figure 4-18. Rats with two injections of peptide5 during light damage with 24 hours recovery 
(Strategy B) showed a significant increase in the cone PII response.  Strategy B consisted of two 
intravitreal injections with either peptide5 or sham during light damage and ERG recordings 24 hours 
after offset of intense light exposure.  The peptide5-treated group (n=7) showed significantly 
increased amplitude (A; p < 0.05) and similar implicit time (B) for the cone PII response, compared 
with the sham-treated group (n=6).  All average data are expressed as mean ± SEM.  Statistical 
analysis was completed by using an unpaired t-test with a Welch’s correction.  Abbreviation: MP, 
Cx43 mimetic peptide. 
 

 

 

 
Figure 4-19. Summed OPs showed no difference between sham- and peptide5-treatments 
during light damage with 24 hours recovery (Strategy B).  A: The amplitude of summed OPs 
indicates a trend towards improvement in peptide5-treated animals compared with sham-treated 
animals.  However, no significance was obtained.  B: Sham- and peptide5-treated groups showed 
similar implicit times for summed OPs.  All average data are expressed as mean ± SEM, n=6 in 
sham-treated group, and n=7 in peptide5-treated group.  Statistical analysis was completed by using 
an unpaired t-test with a Welch’s correction.  Abbreviation: MP, Cx43 mimetic peptide. 
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Figure 4-20. The rod pathway showed similar photoreceptoral and post-photoreceptoral 
responses in the light-damaged rats following two doses of peptide5-treatment post-LD with 7 
days recovery (Strategy C).  The rod PIII responses in peptide5-treated rats showed a trend towards 
improved amplitude (A) and sensitivity (B), but no significance was achieved.  The rod PII response 
showed a non-significant increase in the amplitude (C) and similar implicit time (D) in peptide5-
treated rats compared to sham-treated animals.  All average data are expressed as mean ± SEM, n=6 
in sham-treated group, and n=6 in peptide5-treated group.  Statistical analysis was completed by 
using an unpaired t-test with a Welch’s correction.  Abbreviation: MP, Cx43 mimetic peptide. 
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Figure 4-21. Rats with two injections of either peptide5 or sham post-LD and 7 days recovery 
showed similar cone post-photoreceptoral responses (Strategy C).  The treatment followed was 
Strategy D with two intravitreal injections of either peptide5 or sham/saline post-LD and 7 days 
recovery following light damage.  The peptide5-treated group (n=6) showed a trend towards 
increased amplitude (A) but a similar implicit time (B) for the cone PII response, compared with the 
sham-treated group (n=6).  No significance was achieved.  All average data are expressed as mean ± 
SEM.  Statistical analysis was completed by using an unpaired t-test with a Welch’s correction.  
Abbreviation: MP, Cx43 mimetic peptide. 
 

 

 

 
Figure 4-22.  Summed OPs showed no difference between sham- and peptide5-treatments post-
LD with 7 days recovery (Strategy C).  A: The amplitude of summed OPs tended to improve in 
peptide5-treated animals compared with sham-treated animals.  However, no significance was 
shown.  B: Sham- and peptide5-treated groups showed similar implicit time of summed OPs.  All 
average data are expressed as mean ± SEM, n=6 in sham-treated group, and n=6 in peptide5-treated 
group.  Statistical analysis was completed by using an unpaired t-test with Welch’s correction.  
Abbreviation: MP, Cx43 mimetic peptide. 
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Figure 4-23. Rats with two injections of peptide5 during the light damage period and with no 
recovery showed no change in cone post-photoreceptoral responses (Strategy D).  The treatment 
followed was according to Strategy A with two intravitreal injections of either peptide5 or 
sham/saline during the first 6 hours of the light damage, and with no recovery following the light 
damage.  Peptide5-treated group (n=6) showed a trend towards increased amplitude (A) and a trend 
towards increased implicit time (B) for the cone PII response, compared with the sham-treated group 
(n=6).  No significance was achieved.  All average data are expressed as mean ± SEM.  Statistical 
analysis was completed by using an unpaired t-test with a Welch’s correction.  Abbreviation: MP, 
Cx43 mimetic peptide. 
 

 

4.3.5  Cx43 mimetic peptide effects on immunoreactivity of connexin proteins 

expressed in the rat retina 

 

The immunoreactivity of a range of connexin proteins was investigated in the animals which 

had two intravitreal injections post-LD (Strategy A in Figure 4-1).  Peptide5-treated rats 

showed lower immunoreactivity for Cx43 in the retinal nerve fibre layer (Figure 4-24B, 

arrows) compared with sham-treated animals (Figure 4-24A).  This Cx43 immuno-labelling 

was mainly localised on astrocytes and retinal blood vessels similar to previous findings 

(Kerr et al., 2010; Danesh-Meyer et al., 2012).  Cx43 immunoreactivity in the RPE/choroid 

area showed a similar labelling level in sham- and peptide5-treated groups (Figure 

4-24C&D), where the RPE was primarily labelled. 

 

The immunoreactivity of Cx36 and Cx45 were assessed in the inner retinal layers, where the 

immuno-labelling of these two antibodies was found (Figure 4-25).  Peptide5-treated rats 

showed very similar immunoreactivity of Cx36 to sham-treated rats (Figure 4-25A&B).  For 
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the immunoreactivity of Cx45, mimetic peptide-treated rats showed very similar labelling to 

sham-treated animals in the retinal inner plexiform layer, but stronger labelling in the nerve 

fibre layer (arrows in Figure 4-25D) than sham-treated rats (Figure 4-25C).   

 

Cx40 immunoreactivity was present on some large, oval-shaped cells in the choroid in both 

sham- and peptide5-treated rats (Figure 4-26).  Some RPE cells also showed Cx40 labelling 

(arrows in Figure 4-26).  Similar labelling patterns of Cx40 immunoreactivity were apparent 

in sham- and peptide5-treated groups (Figure 4-26). 

 

 
Figure 4-24. Peptide5-treated rats exhibited lower Cx43 immunoreactivity in the retinal nerve 
fibre layer but similar reactivity in the RPE/choroid compared to sham-treated rats.   
A&B: Cx43 immunoreactivity in the retina in sham- (A) and peptide5-treated rats (B).  Less 
labelling was detected in the nerve fibre layer (arrows) in peptide5-treated rats than sham-treated 
animals.  The labelling in the inner plexiform layer was due to non-specific binding of the antibody.  
C&D: Similar Cx43 immunoreactivity was detected in the RPE/choroid in sham- (C) and peptide5-
treated rats (D).  Abbreviation: INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 
cell layer; RPE, retinal pigment epithelium.  Scale bar = 20 µm. 
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Figure 4-25. No difference in Cx36 and Cx45 immunoreactivity was present between sham- and 
peptide5-treated rats.   A&B: Similar immunoreactivity of Cx36 was shown in the retina in sham- 
(A) and peptide5-treated rats (B).  The labelling was mainly limited in the inner plexiform layer.  
C&D: In the inner plexiform layer, similar Cx45 immunoreactivity was detected in the RPE/choroid 
in sham- (C) and peptide5-treated rats (D).  In the nerve fibre layer, peptide5-treated rats (arrows; D) 
had stronger Cx45 labelling than sham-treated animals (C).  Abbreviation: INL, inner nuclear layer; 
IPL, inner plexiform layer; GCL, ganglion cell layer.  Scale bar = 20 µm. 
 

 
Figure 4-26.  Similar immunoreactivity of Cx40 in sham- and peptide5-treated rats.   
A: Cx40 immuno-labelling in the RPE (arrow) and choroid in a sham-treated rat.  B: Cx40 immuno-
labelling in the RPE (arrows) and choroid in a peptide5-treated rat.  Scale bar = 20 µm. 
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4.3.6  A double dose of Cx43 mimetic peptide significantly suppressed the 

inflammatory response in the light-damaged choroid and retina 

 

Following assessment of retinal function, the inflammatory response was investigated by 

checking the immunoreactivity of several markers in the rats which had two intravitreal 

injections following (Strategy A) and during light damage (Strategy B in Figure 4-1).  In the 

animals treated post-LD (Strategy A), CD45, a lymphocyte common antigen, showed 

noticeably fewer labelled cells in the choroid in peptide5-treated rats compared with sham-

treated animals (Figure 4-27C&D).  Statistical analysis showed CD45 positive cell count 

was significantly decreased in peptide5-treated animals than sham-treated animals (Figure 

4-27E, p < 0.001).  The retina did not show specific CD45 immunoreactivity in either sham- 

or peptide5-treated groups (Figure 4-27A&B). 

 

Glial fibrillary acidic protein (GFAP) was used to examine the effect of peptide5 on 

astrocyte and Müller cell activity in the retina.  There was weaker immunoreactivity for 

GFAP in peptide5-treated rats compared to sham-treated animals (Figure 4-28).  Stronger 

GFAP immunoreactivity associated with the processes of Müller cells were observed in 

sham-treated retina (Figure 4-28A).  In peptide5-treated retina, the level of GFAP 

immunoreactivity dropped back to normal and was only associated with astrocytes in the 

retinal nerve fibre layer (Figure 4-28B). 

 

Ionised calcium-binding adaptor molecule-1 (Iba-1), a marker for residential macrophages 

and microglia in the retina (Ahmed et al., 2007), was also employed in this study.  In sham-

treated retina, Iba-1-labelled cells were detected in the retinal outer nuclear layer (Figure 

4-29A).  However, there were no Iba-1-labelled cells in this area in peptide5-treated animals 

(Figure 4-29B).  Statistical quantification of Iba-1-labelled cells using unpaired t-test showed 

no change in the inner layers of the retina (the ganglion cell layer and the inner plexiform 

layer) between sham- and peptide5-treated animals (Figure 4-29E).  Unsurprisingly, the 

middle layers (the inner nuclear layer and the outer plexiform layer) and outer layers (the 

outer nuclear layer and the outer segment/inner segment) of the retina showed significantly 
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decreased number of Iba-1-labelled cells in peptide5-treated animals compared to sham-

treated animals (Figure 4-29F&G, p < 0.001).  In the choroid, several Iba-1 immuno-labelled 

cells were present in the activated-phase with an amoeba-shaped cell body but few processes 

(Figure 4-29C).  In peptide5-treated rat choroid, any Iba-1 immuno-labelled cells that were 

present had more numerous and larger processes indicating they remained primarily in the 

resting phase (Figure 4-29D). 

 

 
Figure 4-27. CD45 immuno-labelled cells were fewer in number in the choroid of peptide5-
treated rats compared with sham-treated rats (Strategy A).  A&B: Strong immunoreactivity of 
Cx45 was detected in the choroid in sham-treated rat (arrows; A) but few Cx45 immuno-labelled 
cells were seen in peptide5-treated rats (arrow; B).  C&D: Higher magnification images showing the 
Cx45 immuno-labelled cells in the choroid in sham- (arrows; C) and peptide5-treated rats (arrows; 
D).  E: statistical analysis using unpaired t-test showed CD45 cell count was significantly less in the 
choroid in peptide5-treated animals than sham-treated animals (*** p < 0.001).  Scale bars = 50 µm. 
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Figure 4-28. GFAP immunoreactivity does not increase as much in the retina of peptide5-
treated rats compared with sham-treated rats (Strategy A).  A: Elevated GFAP immunoreactivity 
was seen in sham-treated rats throughout the ganglion cell layer and embedded in the inner plexiform 
layer.  B: Apparently normal GFAP immunoreactivity was detected in peptide5-treated rats where it 
limited to the retinal nerve fibre layer.  Abbreviation: ONL, outer nuclear layer; OPL, outer 
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.  
Scale bar = 50 µm. 
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Figure 4-29. Peptide5-treated rats had fewer activated Iba-1 immuno-labelled cells in the retina 
(Strategy A).  A: In sham-treated rat retina, Iba-1 immuno-labelled cells were appeared to be 
migrating into the outer nuclear layer (arrow).  B: No Iba-1 immuno-labelled cells were detected in 
the outer retina in peptide5-treated rats.  C: In sham-treated rat choroid, Iba-1 immuno-labelled cells 
were present in their activated-phase.  D: In peptide5-treated rat choroid, Iba-1 immuno-labelled cells 
were present in their resting phase.  E-G: Quantification of number of microglia in the inner layers 
(E), middle layers (F) and outer layers (G) of the retina in sham- and peptide5-treated animals.  The 
inner layers showed no change between sham- and peptide5-treated animals (E); however, the 
middle (F) and outer layers (G) of the retina showed significantly decreased Iba-1-labelled cells in 
peptide5-treated animals compared to sham-treated animals (*** p < 0.001).  Abbreviation: OS/IS, 
outer segment/inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.  Scale bar = 50 µm. 
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In addition to analysing inflammation in the animals treated following the offset of light 

damage (Strategy A); the inflammatory response was also investigated in animals treated 

during the light damage period (Strategy B).  This group showed the most significant 

improvement to ERG mixed responses amongst all the treatment strategies (Figure 4-12).   

 

Not surprisingly, these animals showed a dramatically reduced inflammatory response.  

There were few CD45-labelled macrophages in the choroid in peptide5-treated rats, and 

these macrophages were in the resting stage with small and oval-shaped cell body (Figure 

4-30B, arrow), and statistical analysis showed significantly decreased in peptide5-treated 

animals compared to sham-treated animals (Figure 4-30C, p < 0.001).  Confocal images 

revealed fewer macrophages in the animals treated with Strategy B (Figure 4-30B) compared 

to those treated with Strategy A (Figure 4-27B&D).  GFAP immunoreactivity from animals 

treated with a double dose of peptide5 under Strategy B (Figure 4-31B) showed a similar 

level to those under Strategy A (Figure 4-28B).  This was dramatically lower compared to 

the sham-treated rats (Figure 4-31A).   

 

In sham-treated retina, Iba-1 immuno-labelled microglia were located in the inner and outer 

nuclear layers, indicating their association with retinal neuronal cellular injury (Figure 

4-32A).  Quantification analysis using unpaired t-test showed significantly decreased 

number of microglia in the inner layers (Figure 4-32E, the ganglion cell layer and the inner 

plexiform layer) and middle layers (Figure 4-32F, the inner nuclear layer and the outer 

plexiform layer) of the retina in peptide5-treated animals compared to sham-treated animals 

(p < 0.05).  The Iba-1-labelled cell count in the outer retina (the outer nuclear layer and the 

outer segment/inner segment) showed the most significant decrease (Figure 4-32G,  

p < 0.001).   The peptide5-treated retina showed microglia were limited to the plexiform 

layers and ganglion cell layer (Figure 4-32B), parallel to the pattern observed in the retinas 

of rats treated under strategy A (Figure 4-29A). In the choroid peptide5-treated rats showed 

noticeably fewer Iba-1-labelled macrophages (Figure 4-32B) compared to sham-treated 

animals (Figure 4-32A).   
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Figure 4-30. CD45 immuno-labelled cells were fewer in number in the choroid of peptide5-
treated rats compared with sham-treated rats (Strategy B).  Sham-treated rats showed several 
activated Cx45 immuno-labelled macrophages with enlarged cell bodies (A, arrows), whilst few were 
seen in MP-treated rats (B; arrow).  C: statistical analysis using unpaired t-test showed CD45 cell 
count was significantly less in the choroid in peptide5-treated animals than sham-treated animals 
(*** p < 0.001).   Scale bars = 50 µm. 
 

 
Figure 4-31. GFAP immunoreactivity does not increase as much in the retina of peptide5-
treated rats compared with sham-treated rats (Strategy B).   A: Elevated GFAP 
immunoreactivity was seen in sham-treated rats.  B: Apparently normal GFAP immunoreactivity was 
detected in peptide5-treated rats.  Abbreviation: ONL, outer nuclear layer; OPL, outer plexiform 
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.   
Scale bar = 50 µm. 
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Figure 4-32. Peptide5-treated rats had fewer activated Iba-1 immuno-labelled cells in the retina 
and choroid (Strategy B).   A: In sham-treated rat retina Iba-1 immuno-labelled cells were detected 
migrating into the outer nuclear layer (arrow).  B: No Iba-1 immuno-labelled cells were detected in 
the outer retina in peptide5-treated rats.  C: In sham-treated rat choroid, many cells were Iba-1 
immuno-labelled.  These cells were present in the activated-phase.  D: In peptide5-treated rat 
choroid, Iba-1 immuno-labelled cells were fewer in number and those present remained in the resting 
phase.  E-G: Quantification analysis showed significantly decreased number of microglia in all the 
layers in peptide5-treated animals compared to sham-treated animals (* p < 0.05).  The cell count in 
the outer retina showed the most significant decrease (G, *** p < 0.001).  Abbreviation: OS/IS, outer 
segment/inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; GCL, ganglion cell layer.  Scale bar = 50 µm.  
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4.4  Discussion 
 

This study has demonstrated that Cx43 mimetic peptide, peptide5 was able to reach the 

targeted tissue including the retina, RPE and the choroid following intravitreal injection.  

Single dose administration with mimetic peptide showed a trend for improvement in ERG 

recordings of both rod and cone pathways.  The effect of increased doses was then examined 

in light-damaged animals.  A double dose of peptide5 treatment (Strategy A in Figure 4-1) 

showed significant improvement in the photoreceptoral and post-photoreceptoral responses, 

reflected by isolated rod PIII and PII responses respectively (Figure 4-14).  However, the 

post-photoreceptoral response did not show improvement in the peptide5-treated group, and 

on the contrary, it showed a significantly reduction (Figure 4-15).  Immunohistochemical 

study on the harvested tissue demonstrated that the Cx43 immunoreactivity was decreased 

and Cx45 immunoreactivity was increased in the nerve fibre layer of peptide5-treated rats.  

Interestingly, a significant reduction in monocyte inflammatory response was found in 

peptide5-treated rats compared with sham-treated group.  CD45 in the choroid and GFAP in 

the retina have proved to be good markers for analysing the inflammatory response in the 

ocular tissue. 

 

 

4.4.1  High permeability of the Cx43 mimetic peptide in the ocular tissue 

 

FITC-conjugated peptide5 was employed to investigate the permeability of the mimetic 

peptide following two different delivery routes, via intraperitoneal and intravitreal injections.  

This method was adopted and modified from FITC-conjugated dextran, a complex 

commonly used to test concentration gradients, which has also been used previously in 

ocular tissue (Olsen et al., 1995).  FITC-conjugated antisense oligonucleotide has also been 

used to measure its permeability in the ocular tissue (Hagigit et al., 2010).   

 

In the light-damaged animal model (Chapter 3) it was evident that the intense light exposure 

induced oxidative stress and inflammation in the choroid and the retina.  This suggested that 

both the choroid and the retina were likely target tissues for Cx43 mimetic peptide as a 
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treatment.  The current study has demonstrated that peptide5 passed readily through the 

inner limiting membrane into the retina, RPE and the choroid following intravitreal 

injection.  This indicates that intravitreal injection is an efficient way for administration of 

peptide5.   

 

A previous in vitro study on spinal cord injury has demonstrated that both high (500 µM) 

and low concentrations (5 µM) of peptide5 significantly reduced tissue swelling when 

peptide5 was present for 24 hours following injury, and only concentrations below  

100 µM reduced tissue swelling when peptide5 was present for 4 days post-injury (O'Carroll 

et al., 2008).  In this study, the final concentration of peptide5 in the vitreous was 20 µM, a 

concentration level expected to prevent hemichannel opening but not to uncouple gap 

junctions.  Peptide5 at this concentration showed specificity to some particular cells in the 

ganglion cell layer and inner nuclear layer (Figure 4-4A), while peptide5 at ten times higher 

concentration (200 µM) showed no specificity (Figure 4-2C).  Interestingly, peptide5 at the 

desired concentration (20 µM) showed higher affinity to endothelial cells of the retinal blood 

vessels in the light-damaged animal compared with non-light-damaged control animals 

(Figure 4-3).  The reason for this is not clear.  The more intense fluorescence associated with 

retinal blood vessels in the light-damage animal could, however, be related to the increased 

expression of Cx43 on the endothelium in the injured tissue (Danesh-Meyer et al., 2008; 

O'Carroll et al., 2008; Danesh-Meyer et al., 2012; Davidson et al., 2012a). 

 

 

4.4.2  Improved rod-pathway responses may be associated with neuronal survival and 

decreased cone-pathway responses may be related to the non-specificity of the Cx43 

mimetic peptide 

 

Cell types in ocular tissue respond differently to damage.  Cones are more resistant to cell 

damage and rods are more susceptible to light damage than cones (Tanito et al., 2007).  The 

current study has demonstrated that two doses of the Cx43 mimetic peptide, peptide5, 

significantly improved both photoreceptoral and post-photoreceptoral responses in the rod 

pathway compared to sham-treated groups (Figure 4-14 and Figure 4-17).  For rats under 
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Strategy A, the larger rod PIII amplitude in peptide5-treated rats suggested that the mimetic 

peptide improved survival of rod photoreceptors following the light damage compared to 

sham-treated animals.  Peptide5 also supported a better survival rate and response in the rod-

bipolar cells, amacrine cells and other inner retinal neurons, reflected by the significantly 

improved PII amplitude.  Notably, peptide5 significantly increased the amplitudes of rod 

PIII and PII suggesting that this mimetic peptide significantly enhanced the number of rod 

photoreceptors and other neurons responding to the stimulus.  The function of rods and other 

neurons reflected by the implicit time was not expected to be changed as neuron function 

was not affected in the present animal model (Figure 3-3E&G and Figure 3-4C, Chapter 3).  

It is interesting that the cone PII amplitude is significantly decreased (Figure 4-15A).  This 

will be discussed below with similar results observed from Strategy C.  Rats treated with 

Strategy B, also showed significantly improved rod PII activity (Figure 4-17C).  The 

significantly increased a-wave and b-wave responses from mixed waveforms also verified 

substantial benefits in the rod pathway (Figure 4-12).  Retinal neuron function and survival 

can be affected by diffusible factors (Li et al., 1995; Mohand-Said et al., 1998).  

Measurements of the outer nuclear layers against the whole retina thickness showed thicker 

outer nuclear layer in peptide5-treated rats compared to sham-treated animals following both 

Strategy B and Strategy C treatments (Figure 4-33), which indicates higher neuronal 

survival.  The mechanism for this neuro-protective effect provided by peptide5 in the rod 

pathway remains unclear.  However, it is thought to be achieved by limiting the glia-

mediated inflammatory response.  This will be discussed in the Section 4.4.3 below.   

 
Figure 4-33. Peptide5-treated rats had thicker outer nuclear layer than sham-treated rats 
(Strategy B & C).  In both Strategy B and C, the outer nuclear layer (ONL) is thicker in peptide5-
treated groups compared to sham-treated groups (p < 0.05 in Strategy B and p < 0.01 in Strategy C,  
n = 4 in each group.)   

168 

 



 

Gap junctions play a key role in the process of light transduction (Goodenough & Paul, 

2009).  Cx36 has been identified at the ends of the fine processes of the cone pedicles 

(Haverkamp et al., 2000; Feigenspan et al., 2004; Li & DeVries, 2004).  Co-localisation of 

Cx36 and Cx45 has been detected on two types of cone bipolar cell terminals and AII 

amacrine cells, which are involved in relaying the rod signal into the cone pathway under 

scotopic conditions (Dedek et al., 2006).  They may also contribute to electrical coupling 

between neurons, providing fast conductance and low steady-state voltage sensitivity (Söhl 

et al., 2005).  This electrical coupling works through phosphorylation or dephosphorylation 

of connexin proteins, which leads to altering the conductance of ionic currents, such as K+ 

and Ca2+ (Goodenough & Paul, 2009).  Hemichannels have been identified on the cone 

horizontal cell dendrites (Malchow et al., 1993) which extend into the cone pedicles where it 

has been suggested that they play a key role in the inhibition feedback from the ON 

horizontal cell to the cones (Kamermans et al., 2001).  Responding to the light, the ON 

horizontal cell stops cones from generating dark current and produce a membrane 

hyperpolarization through a hemichannel signalling ephaptic feedback (Hagins et al., 1970; 

Hofer & Dermietzel, 1998; Kamermans et al., 2001; Klaassen et al., 2012).  Blocking the 

hemichannel using carbenoxolone abolishes the feedback from horizontal cells to cones in 

the carp retina (Kamermans et al., 2001; Goodenough & Paul, 2003; Klaassen et al., 2012).  

Regarding the molecular effect of peptide5, previous in vitro and in vivo studies have 

suggested that peptide5 functions through blocking the opening of Cx43 hemichannels, 

which are normally kept closed under physiological conditions (Goodenough & Paul, 2003; 

O'Carroll et al., 2008; Danesh-Meyer et al., 2012; Davidson et al., 2012a).  Peptide5 was 

designed against extracellular loop 2 (O'Carroll et al., 2008) which is highly conserved 

within the connexin family (Figure 4-34) (Goodenough et al., 1996; Kumar & Gilula, 1996; 

Yeager & Nicholson, 1996).  Therefore, the significantly reduced and delayed cone post-

photoreceptoral response in the rats treated with Strategy A (Figure 4-15) may possibly be 

associated with non-specific blocking of other connexin isoform hemichannels.  Especially 

under this strategy where the two injections were given only four hours apart, there may be 

enhanced concentration levels if there is remaining peptide from the first injection.  A non-

significant prolonged cone PII implicit time was also seen in rats treated with Strategy D 

(two hours apart between the two injections) (Figure 4-23B), which may also be due to the 

effect of concentration summation, or simply that the peptide levels are sustained for a 
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prolonged period (this study has not analysed peptide stability).  Nevertheless, non-specific 

blocking of hemichannels by peptide5 may lead to the reduced response in the cone 

pathway.  Other connexin hemichannel roles in light signal transductions may vary at 

different stages of tissue injury and repair which could be the reason why Strategy D showed 

a weakly affected cone response while Strategy A showed a significantly reduced cone 

response.  This hypothesis is supported by the mixed wave data and isolated cone data from 

treatment Strategy B, which showed the effects on cone pathway responses was no longer 

present when the two injections were given 22 hours apart (Figure 4-12 and Figure 4-15).  

This non-specific blocking affected both the size and the time course of post-photoreceptoral 

responses, which were reflected by the significantly reduced amplitude and increased 

implicit time. 

 

 

Figure 4-34. Peptide5 has close sequence homology with other connexin proteins in addition to 
Cx43. 

 

 

4.4.3  Connexin mimetic peptide may act by suppressing glia/monocyte-mediated 

inflammatory responses 

 

The RPE and choroid respond quickly to intense light exposure and in this study we 

validated the animal model in Chapter 3, showing that the oxidative stress and inflammatory 

response peaks in the RPE/choroid before the retina.  Other studies have demonstrated that 

intense light exposure results in large numbers of phagosomes accumulating in the RPE, 

which is closely associated with the formation of lipofuscin (Ng et al., 2008).  Blue light 

induces mitochondrial oxidative DNA damage in human RPE cells (Godley et al., 2005).  

However, the number of Iba-1 immuno-labelled microglia is significantly increased in the 
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aging mouse RPE/choroid compared to young animals (Xu et al., 2008b).  This damage in 

the RPE/choroid was thought to initiate or accelerate neuronal cell death processes in the 

retina following light damage.  Up-regulation of Cx43 was found in this area of the 

RPE/choroid too (Figure 3-7 and Figure 3-8 in Chapter 3).  The administration of Cx43 

mimetic peptide, peptide5, significantly suppressed the macrophage-mediated inflammatory 

response in the choroid (Figure 4-27 and Figure 4-29C&D).  The reduced inflammatory 

response may provide support for a healthier microenvironment in the retina and improve 

neuron survival rate, especially of rod photoreceptors which are more susceptible to cell 

damage (Tanito et al., 2007).  This enhanced survival of rod photoreceptors and other inner 

retinal neurons was reflected in the significantly improved amplitudes of rod PIII and PII in 

ERG recordings.  

 

Although the adult retina is regarded as an immune-privileged tissue, it has residential glial 

cells to provide support and protection of the retinal neurons by supplying nutrients, 

removing neural waste products, and phagocytosis of neuronal debris (Coorey et al., 2012).  

Müller cells, astrocytes and microglia are the three major types of glial cells in the retina 

(Coorey et al., 2012).  Findings from Chapter 3 and other previous studies have shown that 

the glial cells are activated following light damage (Ng & Streilein, 2001; Rutar et al., 2010; 

Santos et al., 2010).  Activated microglia may release neurotoxic factors, which may induce 

neurons to start or continue the cell death process (Marín-Teva et al., 2012).  Abundant free 

radical nitric oxide (NO) and reactive nitrogen oxides have been detected from activated 

microglia and have been suggested to be neurotoxic agents involved in neurodegenerative 

diseases (Boje & Arora, 1992; Chao et al., 1992).  Peptide5 resulted in reduced GFAP 

immunoreactivity which was associated with astrocyte activity in the retina (Figure 4-28), 

and prevented microglia activation and migration into the nuclear layers (Figure 4-29A&B).  

This suppressed glia-mediated inflammatory response that may diminish the amount of 

neurotoxins released from activated glial cells and therefore, lead to an increased neuronal 

survival rate. 

 

It remains unclear how exactly the Cx43 mimetic peptide works on the retina, RPE and 

choroid to diminish the inflammatory response.  The peptide may work on the hemichannels 

located on glial cells or macrophages directly to control neurotoxic release from these cells.  
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Cx43 hemichannels have been identified on cytoplasmic processes of the glial cells (Hofer & 

Dermietzel, 1998; Goodenough & Paul, 2003) which are involved in ATP release and 

calcium waves during intercellular communication (Guthrie et al., 1999).  The calcium 

signalling is also freely transmitted from glial cells to other connexin-deficient neurons 

(Cotrina et al., 2000).  These findings support the mechanism that peptide5 may inhibit 

neurotoxic calcium signalling by blocking Cx43 hemichannels on the plasma membrane of 

these cells.   

 

In addition, peptide5 may also work directly on RPE cells.  The present study showed strong 

Cx43 immunoreactivity on the RPE in the light-damaged rats (Figure 3-8, Chapter 3).  

Similar to astrocytes, the ATP-mediated paracrine intercellular communication through 

Cx43 hemichannels also occurs in the RPE (Pearson et al., 2005).  RPE cells under oxidative 

stress increase the release of basic fibroblast growth factor (bFGF), which could lead to 

sustained pathological angiogenesis in the choroid (Eichler et al., 2008).  An increase in the 

secretion of pro-inflammatory factors, including Interleukin-1 beta (IL-1β), IL-6, tumour 

necrosis factor-alpha (TNF-α) and granulocyte macrophage-colony stimulating factor (GM-

CSF) has been found in stressed RPEs (Ma et al., 2009b).  The Cx43 mimetic peptide may 

support the RPE in maintaining its normal function by blocking hemichannels.   

 

 

4.4.4  Better effects with earlier administration of the mimetic peptide  

 

The peptide started to work at 2 hours after the onset of light damage when comparing the 

result from different treatment strategies.  An extra injection at 2 hours after the start of light 

damage significantly improved responses from both cone and rod pathways with comparison 

of the data from Strategy B to the single injection result.  A previous study has demonstrated 

that the tissue damage process and cellular apoptosis are detectable in the rats within short-

term (2 hours) light damage (Yu et al., 2007).  Results from the present study indicated that 

the mimetic peptide started to protect the retinal neurons even when the injury level was low.  

Therefore, the earlier the mimetic peptide is given following the onset of tissue injury, the 

better the neuronal protective effects that could be achieved. 
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An additional dose, such as two injections after 24 hours light damage in rats treated with 

Strategy C might also result in better retinal function.  Several studies have shown that the 

tissue damage process, such as enhanced glial activity, is on-going even after more than 

seven days following the light damage (Noell et al., 1966; Marc et al., 2008; Xu et al., 

2008a; Rutar et al., 2010).  Further suppression of the inflammatory response by extra 

administrations of the Cx43 mimetic peptide may offer better protection to the retinal 

neurons from stress.  This is especially so as the peptides used in this study were 

unmodified.  There is little data available on their stability but unmodified peptides usually 

have a fairly short half-life. 

 

In summary, findings from the present study support the idea that locally blocking Cx43 

hemichannels using the Cx43 mimetic peptide, peptide5, can significantly improve the 

function of neurons in the rod phototransduction pathway in the light-damaged animal 

model.  The enhancement of neuronal function may be achieved through suppressing the 

glia-mediated inflammatory response by blocking Cx43 hemichannel opening in activated 

glial cells in the retina and macrophages in the choroid.  They may also be playing a role in 

maintaining choroid vascular integrity.  The correct timing and dose of mimetic peptide 

delivery are important and these are yet to be fully determined.  The mimetic peptide also 

inhibited the response from the cone pathway which could be caused by non-specific 

blocking to other connexin isoform hemichannels on cone horizontal cells.  Improving the 

specificity of the mimetic peptide to Cx43 may eliminate this side-effect.  
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Chapter 5:  Characterisation of gap junction protein 

connexin43 expression, oxidative stress and 

inflammation in human age-related macular 

degeneration 
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5.1  Introduction 
 

Age-related macular degeneration (AMD) clinically presents as central vision loss.  Central 

vision contributes to detailed vision tasks such as reading and face recognition.  AMD is 

molecularly characterised by the extracellular accumulation of deposits between the pigment 

epithelium and the choroid, called drusen.  During early AMD, drusen can be hard with 

distinct margins, which represents the dry form of AMD.  Subsequently, choroidal 

neovascularisation develops and is accompanied by increased vascular leakage, 

characteristic of wet AMD (de Jong, 2006).  Clinically, early stage AMD exhibits a few 

medium-sized drusen or retinal pigment abnormalities (Jager et al., 2008).  The late phase of 

AMD is classified into three stages: retinal pigment epithelial detachment (PED), geographic 

atrophy (GA) and choroidal neovascularisation (CNV) (Bird, 2010).  Patients with drusen do 

not necessarily have much vision loss (Bird, 2010).  GA is the late stage of dry AMD 

(Biarnés et al., 2011).  GA is characterised by one or several well-defined areas of retinal 

pigment epithelium (RPE) and photoreceptor atrophy.  GA tends to progress with time and 

CNV can be developed.  CNV is characterised by drusen deposition, subretinal and 

choroidal haemorrhage, and fibrotic scaring (Jager et al., 2008).  

 

AMD is the major cause of blindness in people aged 75 years or older in developed countries 

and the third cause of blindness in the world, following cataract and glaucoma (Klaver et al., 

1998b; Biarnés et al., 2011).  A population study conducted in 1982 showed a prevalence of 

6.4% AMD among people aged 65 years and older in Gisborne, New Zealand and an 

increasing prevalence with age (Martinez et al., 1982).  A recent study reported that the 

prevalence of late stage AMD in people in their 70s is 1.4%, 5.6% in people in their 80s, and 

20% in people in their 90s (Rudnicka et al., 2012).  In addition to age, studies have shown 

that many other risk factors also contribute to triggering of AMD.  Genetic influences on 

AMD are well recognised.  A similar incidence of AMD in monozygotic twins has been 

reported, suggesting a close link between heredity and AMD (Meyers & Zachary, 1988; 

Klein et al., 1994; de Jong, 2006).  Some genes, such as apolipoprotein E (apoE), 

complement factor H (CFH or HF1), factor B (BF) and complement component 2 (C2) have 
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been identified as contributing to the onset of AMD (Klaver et al., 1998a; Edwards et al., 

2005; Haines et al., 2005; Klein et al., 2005; de Jong, 2006; Gold et al., 2006).  External 

factors, such as smoking were also identified as a significant risk factor for AMD (Thornton 

et al., 2005; Biarnés et al., 2011).  In New Zealand, 26.8% of all registered cases of AMD-

caused blindness are associated with current or past smoking history (Wilson et al., 2001).  

Studies, including a 28,000-case study carried out in Britain have reported a significant risk 

of developing AMD in smokers compared to non-smokers (Evans et al., 2005; Khan et al., 

2006).  Increased exposure to sunlight over a lifetime may be another risk factor.  It is hard 

to measure the amount of sunlight exposure in the human population, and there is no 

certainty as to when light exposure is important during the lifespan (Evans, 2001).  

Therefore, the link between sunlight exposure and AMD has always been controversial.  The 

Blue Mountain Eye study has reported that there is an association between blue iris colour 

and late stage AMD (Mitchell et al., 1998).  However, the five- and ten-year longitudinal 

data from the same study have not shown a significant association between iris or hair colour 

and incidence of AMD (Wang et al., 2003; Pham et al., 2009), though the ten-year study 

suggested a link between skin sensitivity to sunburn and late stage AMD (Pham et al., 2009).  

Nonetheless, a recent review has concluded that increased sunlight exposure may increase 

the risk of AMD (Sui et al., 2012). 

 

Oxidative stress, caused by reactive oxygen species (ROS) or reactive nitrogen species 

(RNS) has long been considered to be a major factor in the aging process (Haigis & 

Yankner, 2010).  ROS is generated from many sources under physiological conditions, 

including NADPH-dependent membrane-bound enzymes, mitochondrial metabolism of 

oxygen during normal cellular activities, and other intracellular oxidases (Finkel, 2011).  

Cells also possess several antioxidant enzymes to remove ROS, such as superoxide 

dismutase, which reduces O2− to H2O2, catalase, and glutathione peroxidase, which reduces 

H2O2 to H2O (Finkel, 2011).  In the retina, especially the macula, high levels of ROS are 

generated as a result of rhodopsin bleaching for light signal transduction and cellular 

metabolism (Beatty et al., 2000; Handa, 2012).  This high oxygen consumption coupled with 

long periods of exposure to light leads to oxidative stress in the RPE, which is responsible 

for the phagocytosis of photoreceptor outer segments.  This, therefore, may result in the 
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formation of lipofuscin, a lipid-protein aggregate (Beatty et al., 2000; Kinnunen et al., 

2011).  Lipofuscin is also called “age-pigment” and correlates with a variety of age-related 

diseases (Beatty et al., 2000; Handa, 2012).  In addition to ROS, nitric oxide (NO) is another 

cytotoxic molecule which is associated with the pathogenesis of AMD.  It is mainly 

produced by nitric oxide synthases (NOSs) located in endothelial cells and perivascular 

nitrergic neurons (Alderton et al., 2001).   

 

Residential glial cells provide support and protection of retinal neurons by supplying 

nutrients, removing neural waste products and phagocytosis of neuronal debris (Coorey et 

al., 2012).  There is accumulating evidence that glial activation is playing a key role in 

pathogenesis of AMD (Madigan et al., 1994; Gupta et al., 2003; Sullivan et al., 2003; Wu et 

al., 2003; Ding et al., 2009).  In AMD donor tissue, microglia have been shown to be 

enlarged, amoeboid-shaped, and to migrate from the inner retina to the outer retina and 

subretinal space (Gupta et al., 2003; Buschini et al., 2011).  Increased glial fibrillary acidic 

protein (GFAP)-immunoreactivity is associated with AMD, and Müller cells express GFAP 

in both early (retinal pigment epithelium detachment) and late stages (geographic atrophy) of 

dry AMD (Wu et al., 2003).  These activated glial cells release neurotoxic factors, such as 

NO, which has been suggested to be a neurotoxic agent involved in a range of 

neurodegenerative diseases (Boje & Arora, 1992; Chao et al., 1992). 

 

Gap junction proteins, also called connexins, form a conduit for intercellular 

communications, allowing rapid exchange of secondary messengers between neighbouring 

cells.  Each channel is formed by two connexons (hemichannels), one contributed by each of 

the neighbouring cells.  The proper intercellular exchange rate is critical for ion homeostasis 

within neuronal cells and keeping their physiological function and survival.  For example, 

sustained increases in calcium levels within cells caused by over influx of calcium into the 

cells may lead to mitochondrial toxicity and cell death.  The capacity of calcium channel 

blockers to protect photoreceptors has been recognised (Kelsell et al., 1997).  In general, the 

undocked hemichannels remain closed after their assembled on the cytoplasm membrane.  

Opening of these undocked hemichannels, under some conditions, leads to cytoplasm 
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membrane depolarisation and small molecule leakage from the cytoplasm.  When these 

undocked hemichannels are active and open, they may perform diverse functions in various 

cell types and tissues (Goodenough & Paul, 2003).   

 

Connexin43 (Cx43) is encoded by the Gja1 gene and it is the most ubiquitously expressed 

connexin protein in mammalian embryos and adults (Kerr et al., 2010).  Increased Cx43 

protein and/or transcript expression have been found in many human central nervous system 

injuries and diseases, including stroke, epilepsy and Huntington’s disease (Elisevich et al., 

1997; Vis et al., 1998; Nakase et al., 2006).  In human retinas from donors with glaucoma, 

Cx43 immunoreactivity is increased in the optic nerve head and retina compared with the 

tissue from normal donors (Kerr et al., 2011).  Modulation of Cx43 hemichannel function 

with a mimetic peptide has been shown to improve neuronal survival following traumatic 

and ischaemic injury to the retina, brain and spinal cord in animal models (O'Carroll et al., 

2008; Danesh-Meyer et al., 2012; Davidson et al., 2012a; O’Carroll et al., 2013). 

 

Despite greater understanding of the pathology of AMD, there is currently no efficient or 

effective treatment.  Therefore the aim of the current study was to investigate changes in 

oxidative stress, glia-mediated inflammatory responses and expression of Cx43 in the human 

retina that could indicate potential therapeutic targets for the disease.   
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5.2  Materials and methods 
 

5.2.1  Human donors and tissue preparation 

 

Three post-mortem human eyes with a diagnosis of age-related macular degeneration 

(AMD) with no previous treatment for the disease and three eyes from age-matched normal 

donors with no recorded ocular disease (subject demographics described in Table 2-2, 

Chapter 2) were obtained from the New Zealand National Eye Bank (Auckland, New 

Zealand).  All human eyes were handled in accordance with the tenets of the Declaration of 

Helsinki and approved by the Institutional Review Committee of the University of Auckland 

and Northern District Human Ethics Committee.  There was no known infection or sepsis in 

any of the donors at the time of death.  The cause of death for all donors was not related to a 

head injury.  Eyes were enucleated within 48 hours after death and processed as described in 

detail in Section 2.6, Chapter 2.  Sections comprising central and peripheral retina were 

processed for analysis.  

 

 

5.2.2  Toluidine blue staining 

 

Toluidine blue staining was employed to show the human AMD tissue histological structure.  

The detailed procedure is introduced in Section 2.4.1, Chapter 2.  In brief, the sections were 

stained for 2-3 minutes with 1 mg/mL toluidine blue solution prepared in MilliQ water.  This 

was followed by washes in 0.1 M PBS.  Finally, the stained tissue sections were 

coverslipped and images were taken immediately after the staining procedure, using a bright 

field microscope.  
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5.2.3  Immunohistochemistry 

 

The procedure was conducted as explained in Chapter 2.  Briefly, after hydration, sections 

were 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 PBS 

for 1 hour at room temperature.  The tissues were immuno-labelled with primary antibodies, 

including mouse anti-nitrotyrosine, goat anti-Iba1, rabbit anti-Cx43, goat anti-superoxide 

dismutase-1 antibody, mouse anti-8-oxoguanine antibody and rabbit anti-CD31 antibody, as 

specified in Table 2-1, Chapter 2.  Tissue sections were incubated with the primary antibody 

overnight at room temperature.  The secondary antibodies were diluted 1:500 and were 

applied for 2 hours in the dark at room temperature.  Slides were rinsed several times in  

0.1 M PBS, mounted in non-fluorescence fading medium and sealed.  The labelled sections 

were viewed and imaged using confocal microscopy. 

 
 

5.2.4  Imaging 

 

All the images were acquired from immuno-labelled sections using a high-resolution laser 

scanning confocal microscope (Olympus FluoView FV1000, Japan) with 488 nm and/or  

594 nm excitation from an argon ion laser.  A series of 4-8 optical sections with 1 µm 

intervals were collected for each specimen and image analysis was performed on a stack 

image of intensity projection over the z-axis.  Six retinas obtained from different animals 

were analysed for each group, and the representative images shown. 
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5.3  Results 
  

5.3.1  Pathological changes were regional in AMD donor’s tissue 

 

Transverse sections stained with toluidine blue revealed a pathological morphology in the 

AMD affected tissue (Figure 5-1 and Figure 5-2).  Low magnification observation of the 

tissue from an advanced dry AMD donor showed a large pale region in the macula (Figure 

5-1A).  Other regions were comparable with the control tissue (data not shown).  The 

toluidine blue stained sections showed that the lesions in AMD were regional (Figure 5-1 

and Figure 5-2).  Four different areas were analysed in this study: the temporal peripheral 

area, the macular drusen area, the central drusen-free area and the nasal drusen area (Figure 

5-1B-E).  Image of transverse tissue section at lower magnification is shown in Figure 5-2. 

 

The analysis of the temporal peripheral area revealed normal morphology of the retina, 

retinal pigment epithelium (RPE) and Bruch’s membrane (Figure 5-1B).  The macular 

drusen was large and comprised scar tissue.  It was located between the retina and the 

choroid (asterisks in Figure 5-1C and Figure 5-2), and mainly contained fibrocytes and blood 

vessels, while no remaining RPE or Bruch’s membrane evident in this area.  The retina had 

severely degenerated and showed damage extending from the outer nuclear layer to the inner 

nuclear layer (Figure 5-1C, arrows).  Only the ganglion cell layer and nerve fibre layer 

displayed normal morphology (Figure 5-1C).  In the central drusen-free retinal area, the RPE 

and Bruch’s membrane were intact.  The retina showed some degeneration in the outer and 

inner nuclear layers (Figure 5-1D, arrows).  Some enlarged retinal blood vessels were also 

evident in this area (Figure 5-1D, arrow heads).  In the nasal drusen area, some isolated 

drusen were detected between the RPE and Bruch’s membrane (Figure 5-1E, arrows), while 

the retinal layers had a normal histological morphology. 
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Figure 5-1. Images of toluidine blue staining show regions associated with pathological changes 
in AMD affected ocular tissue.  A: View of the posterior pole from an AMD donor eye showing 
pathological areas.  B: Temporal peripheral area of the eye showing no obvious morphological 
changes.  C: Macular drusen area showing a very large scar (**) between the retina and the choroid 
as well as obvious neuronal degeneration (arrows).  There was no RPE or Bruch’s membrane in this 
area.  .  D: Central drusen-free area near the optic nerve, showing intact RPE and Bruch’s membrane 
and degeneration sites (arrows) and more blood vessels in the retina (arrow heads).  E: The nasal 
drusen area showed isolated drusen between the RPE and Bruch’s membrane (arrows).   
Scale bar = 100 µm. 
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Figure 5-2. Transverse tissue section stained with toluidine blue showing the various regions 
associated with pathological changes in AMD affected donor tissue.  A large drusen is seen in the 
macula, and small, isolated drusen are present to the nasal side of the eye.  Scale bar = 1 mm.  
 

 

5.3.2  Increased Cx43 immunoreactivity was detected in AMD retina, predominantly 

in the central drusen-free area 

 

To investigate the expression level of Cx43 in different regions in AMD affected donor 

retinas compared to the control tissue, immunohistochemistry was performed using an anti-

Cx43 antibody.  In the control retina, Cx43 was evenly distributed in the nerve fibre layer 

and ganglion cell layer along the whole tissue (Figure 5-3 and Figure 5-4).  Cx43 

immunoreactivity was also identified on retinal blood vessels (Figure 5-4).  The intensity of 

labelling was not different between the central and peripheral areas (Figure 5-4).   

 

In AMD affected donor tissue, there was a general increase in the level of Cx43 

immunoreactivity (Figure 5-5).  In areas of macular drusen, temporal periphery and nasal 

drusen, Cx43 immunoreactivity was mainly associated with blood vessels in the nerve fibre 
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layer and ganglion cell layer (Figure 5-6A, G and J), and comparable with both central and 

peripheral areas in the control retina (Figure 5-4).  Interestingly, in the central drusen-free 

area of the AMD retina, Cx43 immunoreactivity was much higher compared with other 

regions shown obviously in the low magnification image (Figure 5-5).  High magnification 

image showed that increased Cx43 expression expanded from the nerve fibre layer and 

ganglion cell layer into the inner plexiform layer and inner nuclear layer (Figure 5-6D, 

arrows).   

 

 

Figure 5-3. Montaged confocal images showing Cx43 labelling in the control donor’s tissue.   
In the retina from control donor, Cx43 immunoreactivity was evenly distributed in the nerve fibre 
layer (NFL).  Retinal blood vessels (BV) were also labelled.  Scale bar = 400 µm.  
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Figure 5-4. Cx43 immunoreactivity in control human retina.  A: The central retina from a control 
donor showed Cx43 labelling mainly in the nerve fibre layer (NFL) and was associated with retinal 
blood vessels.  B: The peripheral control retina showed a similar intensity of Cx43 immunoreactivity 
in the NFL to the central area (A).  Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform 
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve 
fibre layer; BV, retinal blood vessels.  Scale bar = 50 µm. 
 

 

 

Figure 5-5. Montaged confocal images showing Cx43 labelling in AMD affected donor tissue.   
In the retina from an AMD donor, Cx43 immunoreactivity was mainly associated with nerve fibre 
layer (NFL) and was increased in the central drusen-free area, compared to other areas in the same 
piece of tissue.  Scale bar = 400 µm.  
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Figure 5-6. Confocal images showing Cx43 and nitrotyrosine in different areas of the retina 
from AMD affected donor retina.  A-C: In the macular drusen area, Cx43 immunoreactivity was 
mainly associated with blood vessels in the GCL and NFL (A), and no nitrotyrosine labelling was 
detected (B).  D-F: In the central drusen-free area, a higher level of Cx43 immunoreactivity was 
shown associated with GCL and IPL (D, arrows), and no nitrotyrosine labelling was seen in this area 
(E).  G-I: In the temporal peripheral area, Cx43 labelling was limited to the GCL and NFL (G), and 
no nitrotyrosine labelling was shown in this area (H).  J-L: In the nasal drusen area, Cx43 
immunoreactivity was associated with blood vessels in the GCL (J), and it was co-localised with 
nitrotyrosine (K&L, arrows).  A, D, G and J: Cx43 immunoreactivity B, E, H and K: Nitrotyrosine 
immunoreactivity; C, F, I and L: Double labelling with Cx43 and nitrotyrosine and DAPI was used 
to indicate the retinal layers.  Abbreviations: INL, inner nuclear layer; IPL, inner plexiform layer; 
GCL, ganglion cell layer; NFL, nerve fibre layer.  Scale bar = 50 µm. 
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5.3.3  Nitrotyrosine, an oxidative stress marker associated with endothelial cells, was 

specifically seen in AMD affected retina 

 

Nitrotyrosine, a marker for endogenous nitrosation and nitration, has been used to quantify 

oxidative stress in blood and tissue (Ohshima et al., 1990).  In the present study, 

nitrotyrosine was employed to investigate damage from reactive nitrogen species (RNS).  

Nitrotyrosine immunoreactivity was only detected in AMD affected retinas (Figure 5-6) and 

did not show any labelling in the tissue from control donors (Figure 5-7).  The specific 

nitrotyrosine labelling in AMD retina was only detected in the nasal drusen area (Figure 

5-6K), where it co-localised with the endothelial cell marker, CD31 (Figure 5-8A-C).  None 

of the other areas in AMD affected retinas showed immunoreactivity to nitrotyrosine (Figure 

5-6B, E&H and Figure 5-8D-F).  Interestingly, this nitrotyrosine immunoreactivity also  

co-localised with Cx43 immunoreactivity (Figure 5-6J-L). 

 

 

Figure 5-7. The retina from a control donor retina was the absent of nitrotyrosine 
immunoreactivity.  Both the central area (A) and the peripheral area of the control retina (B) did not 
show any nitrotyrosine labelling.  The red dots on the images are the pigment from the retinal 
pigment epithelium displaced during tissue processing and cryosectioning.  These pigments are 
nonspecific and can be visualised through all the confocal channels.  Abbreviations: ONL, outer 
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; 
GCL, ganglion cell layer.  Scale bar = 50 µm. 
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Figure 5-8. Co-localisation of nitrotyrosine with endothelial cells in the nasal drusen area of 
AMD retina.  A-C: In the nasal drusen area of AMD retina, nitrotyrosine immunoreactivity was 
detected along blood vessels (A) which were identified with CD31 labelling (B).  Double labelling of 
nitrotyrosine and CD31 showed the co-localisation of these two markers (C).  D-F: In the central 
drusen-free area, no nitrotyrosine immunoreactivity was detected (D).  The CD31-labelled retinal 
blood vessels (E) had no nitrotyrosine labelled (F).  The red dots on the images of nitrotyrosine 
labelling are the pigment from the retinal pigment epithelium displaced during tissue processing and 
cryosectioning.  These pigments are nonspecific and can be visualised through all the confocal 
channels.   Abbreviations: NT, nitrotyrosine.  Scale bar = 50 µm. 
 

In addition to nitrotyrosine, two other oxidative markers, superoxide dismutase 1 (SOD-1) 

and 8-oxoguanine (8-oxoG) were used to assess different aspects of oxidative damage.  

SOD-1 is an antioxidant enzyme, which facilitates the dismutation of oxygen radicals to 

hydrogen peroxide and reduces superoxide levels in cells (Rao et al., 2008).  In this study, 

SOD-1 immunoreactivity was seen in both central and peripheral retina from control donors 

(Figure 5-9A&B, arrows).  The labelling was mainly in the inner retina, including the inner 

plexiform layer and ganglion cell layer (Figure 5-9A&B).  The retina from an AMD affected 

donor showed a similar pattern of SOD-1 labelling (Figure 5-9C-E, arrows).  There was no 

difference between the various areas of AMD affected retina, such as the macular drusen 

area, central drusen free area and nasal drusen area (Figure 5-9C-E).  

 

8-oxoguanine (8-oxoG) is a DNA lesion product arising from oxidative stress (Hübscher & 

Maga, 2011) and was used in this study to assess nuclear damage from oxidative stress.  8-

oxoG immunoreactivity was seen in the inner layers of the retina from control donors 

(Figure 5-10A&B, arrows).  The central retina did not shown any difference to the peripheral 

retina (Figure 5-10A&B).  In the retina from an AMD affected donor, 8-oxoG 
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immunoreactivity was also seen in the inner retina (Figure 5-10C-E, arrows) at similar levels 

to the control tissue (Figure 5-10A&B).  The central drusen-free area showed slightly more 

labelling than other areas of the AMD retinal tissue (Figure 5-10D). 

 

Figure 5-9. SOD-1 immunoreactivity in control and AMD retina.  A-B: The central (A) and 
peripheral (B) area of the retina from a control donor showed SOD-1 immunoreactivity mainly in the 
inner retina.  C-E: In the retina from an AMD affected donor, different areas including macular 
drusen area (C), central drusen-free area (D) and nasal drusen area (E) all showed similar inner 
retinal labelling of SOD-1.  Scale bar = 50 µm. 
 

 

Figure 5-10. 8-oxoG immunoreactivity in control and AMD affected retina.  A-B: The central 
(A) and peripheral (B) area of the retina from a control donor showed 8-oxoG immunoreactivity 
mainly in the inner retina.  C-E: The retina from an AMD affected donor showed immunoreactivity 
to 8-oxoG was still mainly in the inner retina, with slightly enhanced labelling in the central drusen-
free area (D).  Scale bar = 50µm. 
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5.3.4.  Changes in Cx43 immunoreactivity were closely associated with increased 

inflammatory responses in AMD affected retina 

 

Glial fibrillary acidic protein (GFAP) is a specific marker of astrocytes (Trivino et al., 1996) 

and reactive astrocytes are usually associated with increased expression of GFAP (Kaur et 

al., 2008).  GFAP immunoreactivity and its association were examined in the control and 

AMD affected donor tissue (Figure 5-11).  In the aged, normal retina, GFAP 

immunoreactivity was limited in the inner retina.  In the control central retina, GFAP was 

detected in the nerve fibre layer, ganglion cell layer and inner plexiform layer (Figure 

5-11A), while it was only detected in the nerve fibre layer and ganglion cell layer in the 

control peripheral retina (Figure 5-11B).  The GFAP immunoreactivity was associated with 

Cx43 labelling in the control tissue (Figure 5-11A&B).  In the retina from an AMD affected 

donor, clearly enhanced GFAP immunoreactivity was evident mainly in the central retina.  

This included the macular-drusen area (Figure 5-11C) and the central drusen-free retina 

(Figure 5-11D) where GFAP labelling had expanded throughout all the retinal layers.  This 

enhanced GFAP immunoreactivity was closely associated with increased Cx43 expression.  

The temporal peripheral area showed moderately increased GFAP immunoreactivity, as 

exhibited abnormally in the inner plexiform layer and the nuclear layers (Figure 5-11E).  The 

nasal drusen area was the only area which showed normal GFAP immunoreactivity 

compared to the control tissue (Figure 5-11F).   
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Figure 5-11. Confocal images showing double labelling of GFAP and Cx43 in control and AMD 
affected retina.  A&B: Double labelling of GFAP (red) and Cx43 (green) in the central (A) and 
peripheral (B) retina from the control donor tissue.  C-F:  Double labelling of GFAP (red) and Cx43 
(green) in the macular drusen (C), central drusen-free (D), temporal peripheral (E) and nasal drusen 
(F) areas in the retina from an AMD affected donor.  G&H: Enlarged views of areas highlighted in C 
and D, respectively.  DAPI (blue) was used to indicate the retinal layers.  Abbreviations: NFL, nerve 
fibre layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer.  A-F: 
Scale bar = 50µm.  G&H: Scale bar = 25 µm.  
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Ionised calcium-binding adaptor molecule-1 (Iba-1) is a marker for residential macrophages 

and microglia (Ahmed et al., 2007).  In the present study, it was used to investigate 

microglial activities in the control and AMD affected retinas.  In the aged, normal retina, 

microglia were located in the ganglion cell layer, inner plexiform layer and the outer 

plexiform layer in both central and peripheral areas (Figure 5-12A&B).  The microglial cells 

had the morphology of resting phase microglia with a smaller cell body and fewer processes 

(Damani et al., 2011).  In the retina from an AMD affected donor, only the nasal drusen area 

showed a similar location of Iba-1-labelled microglia to that of control tissue (Figure 5-12F).  

However, these cells had rounder and larger cell bodies, indicating they were in the activated 

phase (Figure 5-12F).  The central drusen-free area showed the most microglia in the AMD 

affected retina.  These cells were spread throughout all retinal layers and showed various 

morphologies (Figure 5-12D&G).  Interestingly, fewer Iba-1-labelled cells were detected in 

the macular drusen area than the central drusen-free area in AMD affected retina (Figure 

5-12C).  The temporal peripheral area also showed activated microglia located in all layers 

of the AMD affected retina (Figure 5-12E&H). 
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Figure 5-12. Confocal images showing Iba-1-labelled microglia in control and AMD affected 
retina.  A&B: Retinal microglia labelled with Iba-1 in the central (A) and peripheral (B) retina from 
control donor tissue.  C-F:  Iba-1 immuno-labelling in the macular drusen (C), central drusen-free 
(D), temporal peripheral (E) and nasal drusen (F) areas in the retina from an AMD affected donor.  
G&H: Enlarged views of highlighted areas in D and E respectively.  Abbreviations: ONL, outer 
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer.  A-F: 
Scale bar = 50 µm; G&H: Scale bar = 25 µm.  
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5.4  Discussion 
 

The current study has demonstrated that there were regional changes of increased oxidative 

stress and inflammation that were closely associated with increased expression of Cx43 in 

the retina from AMD affected donors.  Although the macular area showed the most severe 

photoreceptor degeneration, this area did not reveal the strongest oxidative stress and 

inflammatory responses.  It was the area surrounding the macula where there were still many 

surviving neurons that showed the maximum increased Cx43 immunoreactivity and glia-

mediated inflammation. 

 

5.4.1  Reactive nitric species are specific to the AMD condition 

 

AMD is recognised as a vascular disease.  Blood vessel changes are highly associated with 

pathogenesis and progress of the disease (Coorey et al., 2012).  In early stages of AMD, a 

greater number of non-functional retinal capillaries have been detected by histological 

methods and they have thicker vascular walls compared to those in the normal aged retina 

(Ramı́rez et al., 2001).  Nitric oxide (NO) is an important molecule for vasodilation in blood 

vessels.  It is mainly produced by nitric oxide synthases (NOSs) located in endothelial cells 

and perivascular nitrergic neurons (Alderton et al., 2001).  Low expression of nitric oxide 

synthases (NOSs) in AMD leads to low production of NO and may contribute to the 

constriction of blood vessels (Bhutto et al., 2010).  Inflammatory mediators, such as 

bradykinin, induce NO synthesis through various pathways (Komarova & Malik, 2010).  The 

present study has revealed that immunoreactivity to nitrotyrosine, a marker for endogenous 

nitrosation and nitration, was located on endothelial cells in the nasal drusen area of AMD 

affected retinal tissue (Figure 5-8) indicating blood vessels were under stress in that area.  

The stressed endothelial cells may cause dysfunction of the blood vessels and lead to further 

inflammation contributing to additional tissue damage (Bucci et al., 2000).  
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In addition to nitrotyrosine, two other oxidative markers were used to analyse the oxidative 

stress in AMD affected donor tissue.  One marker was superoxide dismutase 1 (SOD-1), 

which provides the first line of defence for reactive oxygen species (ROS)-induced damage.  

SOD-1-deficient (SOD-1-/-) mice have drusen, choroidal neovascularisation and RPE 

damage (Imamura et al., 2006), and they also exhibit progressively decreased amplitudes of 

a- and b-waveforms from electroretinogram (ERG) recording (Hashizume et al., 2008).  

Pattern ERG results have shown that the ganglion cell function was significantly reduced in 

SOD-1-/- mice (Yuki et al., 2011).  Studies using SOD-1-/- mice have demonstrated that 

SOD-1 protects the retinal neurons from hypoxia-induced oxidative stress (Dong et al., 

2006).  Results from the present study showed that SOD-1 immunoreactivity was mainly 

located in the retinal ganglion cell layer in both AMD affected donor tissue and the age-

matched control tissue (Figure 5-9), suggesting its key role in protecting ganglion cells in 

human retinal tissue.  There was no significant difference on the labelling intensity between 

AMD and control tissue, indicating no alteration on the expression level of SOD-1 in the 

human dry AMD condition.  

 

8-oxoguanine (8-oxoG) is frequently generated and highly mutagenic DNA damage from 

guanine following oxidative stress (Mambo et al., 2002; van Loon et al., 2010).  In retinas 

from aged donors with established maculopathy, mitochondrial DNA (mtDNA) deletion has 

also been found to be significantly higher in photoreceptors compared to a young healthy 

donor (Barron et al., 2001).  The mtDNA repair enzyme, 8-oxoguanine-DNA glycosylate 1 

(OGG1) has been found to be decreased in the RPE in AMD donors compared to age-

matched control donors (Lin et al., 2011).  8-oxoguanine immunoreactivity was increased in 

the photoreceptor synaptic terminals in the albino rat retina following intense light exposure 

(Cortina et al., 2005).  The present study has demonstrated presence of  

8-oxoguanine immunoreactivity in the ganglion cell layer and inner plexiform layer in both 

AMD affected and aged control retinas (Figure 5-10).  An increased immunoreactivity was 

detected in the central drusen-free area in AMD affected retina indicating that oxidative 

stress promotes mitochondrial or nuclear DNA damage in this area. 
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5.4.2  AMD retina showed increased glia-mediated inflammatory responses  

 

Residential glial cells of the retina include astrocytes, Müller cells and microglia (Coorey et 

al., 2012).  The activity of astrocytes has been analysed in this study on AMD affected donor 

tissue compared to the age-matched controls.  Glial fibrillary acidic protein (GFAP) is a 

specific marker of astrocytes (Trivino et al., 1996) and reactive astrocytes are usually 

associated with increased expression of GFAP (Kaur et al., 2008).  In the aged human retina, 

GFAP immunoreactivity is higher than that in younger age groups (Ramı́rez et al., 2001).  

An early report has shown that GFAP immunoreactivity is associated with Müller cells in 

AMD affected donors, but absent in normal young and aged donor tissues (Madigan et al., 

1994).  A later study has further clarified that increased GFAP immunoreactivity is 

associated with AMD, and Müller cells express GFAP in both early and late stages 

(geographic atrophy) of dry AMD (Wu et al., 2003).  The results from this study 

demonstrated consistent findings in AMD affected retina in the macular drusen area (Figure 

5-11C).  However, our results further indicated that small individual drusen on the nasal side 

may not necessarily be associated with enhanced GFAP immunoreactivity (Figure 5-11F).  

In contrast, the drusen-free areas, including central and temporal peripheral areas, showed 

moderately increased GFAP labelling (Figure 5-11D&E).  These interesting results suggest 

that the macula-surrounding area, rather than the macula-affected area itself should be 

targeted as is more likely to react most favourably to inflammation-suppressing treatments.  

It may be too late to treat the affected areas but attention could be placed on reducing disease 

progression. 

 

In addition to astrocytes, we also investigated microglial activity.  The results from different 

areas of AMD affected retina were compared with astrocyte activity as shown by GFAP 

immunoreactivity.  It is not surprising that macular drusen areas in AMD affected retina 

showed enhanced microglial activity, including amoeboid-shaped cell bodies and migration 

from the inner and outer plexiform layers to the outer nuclear layer and subretinal area.  This 

is consistent with previous findings showing glial activation in the human AMD condition 

(Gupta et al., 2003; Buschini et al., 2011) and supports the idea that altered microglial 
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activities may be associated with photoreceptor degeneration and removal of cell debris.  

The present study demonstrated that nasal drusen area has lower glial activation, similar to 

levels of astrocyte activity, compared to other areas in AMD retina (Figure 5-12F).  In 

addition, the drusen-free areas, including central and temporal peripheral areas, showed 

microglial activation and migration (Figure 5-12C-E).  Taken together, these findings 

suggest a progressive aspect to the AMD condition and, as noted above, targeting of these 

areas may be the direction for investigating potential therapies. 

 

 

5.4.3  Cx43 is associated with oxidative stress and inflammation and may provide a 

therapeutic target to rescue or improve the function of remaining neurons 

 

In the present study, a noticeable increase in Cx43 immunoreactivity associated with 

enhanced astrocyte activity was demonstrated in macular drusen and central drusen-free area 

in AMD affected donor retina compared to other areas in AMD and control retinas.  This 

result is consistent with a series of findings on central nervous system disorders and ocular 

conditions.  Up-regulated Cx43 protein and/or transcript have been found in many human 

CNS injuries and diseases, including stroke, epilepsy and Huntington’s disease and the 

increased Cx43 expression in the human brain tissue is mainly limited to the astrocytes 

(Elisevich et al., 1997; Vis et al., 1998; Nakase et al., 2006).  In addition to astrocytes, 

microglia may be another cell type with changes in Cx43 expression in the CNS following 

injury.  Four days after brain stab wounding, increased Cx43 protein expression has been 

detected in cell interfaces at the edge around the wound (Eugenín et al., 2001).  The 

immunoreactivity of Cx43 is up-regulated in human retina from glaucomatous eyes 

compared to normal retinal tissue.  Increased Cx43 expression is mainly on the astrocytes in 

the retinal ganglion cell layer and along the GFAP-labelled Müller cell processes throughout 

the entire retina (Kerr et al., 2011).  In addition, this study demonstrated that Cx43 

immunoreactivity is also associated with oxidative stress in endothelial cells.  However, no 

upregulation of Cx43 expression was evident in these cells.  This is consistent with the 
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findings in glaucoma, where retinal endothelial cells retain the same expression level of 

Cx43 as the controls (Kerr et al., 2011).  

 

In summary, results from this study support the hypothesis that the lesion-surrounding and 

lesion-free areas show stronger oxidative stress and inflammation than the lesion area itself 

in AMD patients.  Cx43 expression is associated with increased nitric oxidation in blood 

vessels and the glia-mediated inflammatory response in drusen-free areas.  Pharmaceutical 

down-regulation of pathologically increased Cx43 may improve retinal function and rescue 

the surviving retinal neurons from stress and cell death, thus providing a novel therapeutic 

approach for human AMD. 
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Chapter 6:  General discussion and conclusions 
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6.1  Summary of findings 
 

This thesis has used the light-damaged albino rat as an animal model for age-related macular 

degeneration (AMD).  Retinal function has been assessed using electroretinograms at 

various time points following injury.  Characterisation of inflammation, oxidative stress and 

intercellular communication during the process of tissue injury in the model has been 

conducted with the use of a range of markers.  The effect on retinal function of blocking of 

connexin43 (Cx43) hemichannels with a Cx43 mimetic peptide has been demonstrated in the 

light-damaged rat model.  Furthermore, Cx43 expression, inflammation and oxidative stress 

have been also analysed in human AMD affected post-mortem ocular tissues.  The principle 

aims of the thesis listed in the introduction are individually considered in the following 

summary: 

 

1) To characterise the light-damaged albino rat eye and determine whether this is a 

good animal model for studying the early stages of AMD.  

 

Electroretinogram (ERG) results from the present study demonstrated that retinal function 

was dramatically low in the light-damaged animal at all tested time-points following intense 

light exposure (0, 6, 24, 48 hours and 7 days).  Further analysis showed that photoreceptoral 

and post-photoreceptoral functions involving both rod and cone pathways were affected.  To 

determine which tissue injury processes contribute to the impaired neural functions, the 

present study has found photoreceptor cell death following light damage, consistent with 

previous studies showing photoreceptor loss (Noell et al., 1966; Wenzel et al., 2005).  

Microglia activation and migration from the plexiform layers into the nuclear layers was 

confirmed.  These activated microglia may then secrete neurotoxic factors and initiate or 

continue neuron cell death processes (Marín-Teva et al., 2012).   

 

Gap junction proteins, connexins, have been reported to play important roles in 

phototransduction pathways (Söhl et al., 2005; Goodenough & Paul, 2009).  Cx36 and Cx45 

were expressed in the inner plexiform layer from non-light-exposed control rats, which was 

comparable with previous findings on connexin protein expressions in rats (Veruki & 
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Hartveit, 2009).  Following light damage, Cx36 immunoreactivity was markedly increased 

and in contrast Cx45 immunoreactivity was markedly decreased at 24 hours compared to the 

non-light-damaged control.  The alterations in connexin expression in the inner plexiform 

layer may contribute to the reduction of post-photoreceptoral function detected by ERG b-

waveforms.   

 

Up-regulation of connexin43 (Cx43), the most ubiquitous gap junction protein, has been 

shown to be involved in tissue injury (De Maio et al., 2002; Danesh-Meyer & Green, 2008; 

O'Carroll et al., 2008; Chew et al., 2010).  A significant increase in Cx43 expression was 

detected in the choroid following light damage as assessed using the Western blot technique.  

This increased expression was associated with significantly increased levels of the oxidative 

stress marker, nitrotyrosine.  Double immunohistochemical labelling showed that 

macrophages started to express Cx43 and nitrotyrosine in the choroid following light 

damage, indicating a close relationship between oxidative stress, inflammation and Cx43.   

 

2) To characterise the functional and molecular effect of Cx43 modulation.  

 

It was hypothesised that the inflammatory response might be suppressed and rescue the 

tissue from secondary injury arising from inflammation by regulating Cx43 channel 

function.  Intravitreal injection of a Cx43 mimetic peptide, peptide5, was used to modulate 

the function of Cx43 hemichannels locally.  The peptide was shown to penetrate readily 

through the retina into the choroid and sclera, through an intravitreal injection of fluorescein 

isothiocyanate (FITC)-conjugated peptide.  Light-damaged (LD) animals receiving a single 

injection of peptide5 post-LD showed a trend toward improvement in function of both rod 

and cone pathways when compared to the sham-injected rats.  Four different treatment 

strategies were also assessed with double injections.  All of these groups showed some 

significant improvement or a trend to improvement of retinal function.  The major 

observation was that the rats that were given one injection during-LD and another post-LD, 

with their ERG tested 24 hours post-LD (strategy B) showed the most significant functional 

improvement on both rod and cone pathways.  Cellular analysis of harvested tissues has 
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demonstrated that the glia-mediated inflammatory response was down-regulated compared 

to the sham-treated animals, including decreased expression of the glial fibrillary acidic 

protein (GFAP) and fewer macrophages in the choroid.  This suppressed glia-mediated 

inflammatory response may diminish the level of neurotoxic factors released, and, therefore, 

lead to an increased neuronal survival rate (Boje & Arora, 1992; Chao et al., 1992). 

 

Interestingly, one group of rats that were given injections at 0 and 6 hours post-LD and had 

ERG tested at 24 hours post-LD (strategy C) showed significantly decreased cone post-

photoreceptoral function (PII response).  This is possibly caused by non-specific binding of 

peptide5 to the conserved sequence of other connexin proteins in the retina, such as Cx36 

and Cx45 (Goodenough et al., 1996; Kumar & Gilula, 1996; Yeager & Nicholson, 1996).  

This non-specific binding may block the hemichannels on the cone horizontal cell dendrites 

(Malchow et al., 1993), abolishing the inhibition feedback from the ON horizontal cell to the 

cones (Kamermans et al., 2001), and so leading to a decreased cone response.  This non-

specific binding was thought to be transient as the group with two injections, 6 hours apart, 

but ERG tested 7 days post-LD (strategy D) did not show this effect on cone PII response.  

In addition, the non-specific binding could be concentration-dependent, with addition of the 

second injection to remaining peptide from the first injection.  The group with two 

injections, 22 hours apart, did not show any reduced cone PII response, but did show a 

significantly increased cone PII amplitude.  

 

3) To verify the significant findings from the animal model in human eyes.  

 

In terms of translational research from the animal model to the human eyes, there were three 

significant findings in human age-related retinal degeneration.  First, Cx43 immunoreactivity 

was increased in the inner plexiform layer, inner nuclear layer and outer plexiform layer in 

the central drusen-free area.  Second, nitrotyrosine immunoreactivity indicating oxidative 

damage from reactive nitrogen species (RNS) was specifically detected associated with 

blood vessels in the nasal drusen area, but not in other areas from the AMD sample or the 
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control sample.  The other tested markers, superoxide dismutase 1 (SOD-1) and 8-

oxoguanine (8-oxoG), were found not to be specifically different in AMD samples compared 

to the control.  Third, up-regulated Cx43 immunoreactivity was associated with increased 

GFAP expression in the inner retina in the drusen-free area.  Activated microglia were 

discovered in the nuclear layers in drusen-free areas too.  These findings extend the focus 

from the lesion (drusen-affected) area to the lesion-surrounding (drusen-free) and peripheral 

areas in the AMD retina.  The evidence for raised Cx43 immunoreactivity and amplified 

inflammatory responses in these areas may indicate their close association with lesion spread 

in the human AMD condition. 

 

   

6.2  A grand synthesis of peptide5 functioning mechanism 
 

Results from this thesis have demonstrated that peptide5 is able to preserve retinal function 

in the light-damaged animal model for AMD, possibly through inhibiting immune responses 

in the retina and choroid.   

 

Under physiological condition, resting microglia enhance neuronal survival, possibly by 

releasing trophic factors, such as transforming growth factor-β (TGF-β), nerve growth factor 

(NGF) (Orellana et al., 2009).  Astrocytes are highly coupled to each other through gap 

junctions, forming extensive intercellular networks (Karpuk et al., 2011).  When tissue is 

under stress and/or primary inflammatory response, ATP released via hemichannels from 

microglia promotes microglial migration from less affected regions.  Activated microglia can 

also release glutamate through hemichannels and oxygen- and nitrogen-derived free radicals 

that are neurotoxic (Orellana et al., 2009; Orellana et al., 2011a).  Microglia mediated 

neurotoxicity is known to be progressive over time, and therefore, immunosuppression 

reduces delayed cell death.  In contrast to increased opening of hemichannels, astrocyte gap 

junction communication is reduced, impairing glutamate and K+ spatial buffering, which 

enhanced neuronal susceptibility (Karpuk et al., 2011).  Similar mechanisms also work on 

the macrophages in the choroid, possibly with more involvement of blood vessels.  
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Hemichannels on endothelial cells are activated and opening through Ca2+ wave 

propagation, which may lead to dysfunction of endothelial cells and then, blood vessel 

leakage and leucocyte diapedesis across the endothelium (Orellana et al., 2009).  Cx43-

formed hemichannels have been found to be the main component in the series of 

inflammatory responses (Karpuk et al., 2011; Orellana et al., 2011a; Orellana et al., 2011b). 

 

In this study, local delivery of peptide5 through intravitreal injections may block the opening 

of Cx43-based hemichannels on microglia, astrocytes, macrophages and endothelial cells in 

the retina and the choroid, which result in suppression of inflammatory response and 

inflammation-mediated neurotoxicity.  Many studies have demonstrated that inflammation is 

prolonged and progressive in AMD condition (Madigan et al., 1994; Gupta et al., 2003; 

Sullivan et al., 2003; Wu et al., 2003; Ding et al., 2009).  Therefore, targeting Cx43, 

peptide5 could be a potential novel treatment for AMD. 

 

 

6.3  Clinical highlights, limitations of the current study and future 

directions 
 

Current treatment options for AMD are limited to the late stage of this condition 

(neovascularisation) which include laser photocoagulation, verteporfin with photodynamic 

therapy (vPDT) and anti-vascular endothelial growth factor (VEGF) agents (Fernández-

Robredo et al., 2014).  Until recently, there is no therapy available for early stage of AMD 

(Rickman et al., 2013).  This study has demonstrated the light-damaged animal model 

showed comparable inflammatory responses in human donor’s tissue with early stage of 

AMD.  Peptide5 directly reduces microglia/macrophage-mediated inflammation and 

secondary damage through Cx43-formed hemichannels in the animal model.  The valuable 

aspect of peptide5 is its specificity on stressed/damaged cells.  Hemichannels only open on 

the activated inflammatory cells (microglia/macrophages) and stressed endothelial cells 

under pathological condition.  Peptide5 provides its potential safety via specifically targeting 

these opening hemichannels without affecting physiological functions of intercellular gap 
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junction channels.  In addition, peptide5 can be applied through intravitreal injections, which 

is a common clinical approach for many ocular treatments.  Therefore, peptide5 is a novel 

potential therapeutic drug for early stage of AMD. 

 

As common as any other research, this study also has some limitations.  The first two 

specific aims of the current study were conducted by using the light-damaged albino rat as 

an animal model for the human AMD condition.  Limitations include the anatomical 

difference between the rat retina and human macula.  The human macula is a cone-dominant 

region consistent with its role in high-acuity stereoscopic vision (Bron et al., 1997), while 

the rat retina is rod-dominant and does not possess a macula (Huber et al., 2010).  In 

addition, the pathogenesis of AMD in human is a long-term process, taking several years 

(Lim et al., 2012).  In the light-damaged animal model, we have investigated the injury up to 

only seven days after light damage.  It is a short-term acute wound model compared to the 

chronic pathogenesis of human AMD.  Human AMD may have more complex processes of 

tissue injury and repair, including fibrous scarring (Lim et al., 2012).   

 

In terms of characterising the animal model as presented in Chapter 3, further analysis of 

protein expression levels for the oxidative stress marker, nitrotyrosine, inflammatory 

markers, and Cx43 in the choroid and retina over longer recovery periods would be of 

interest.  These would be from 24 hours up to one month.  Such data might provide a better 

understanding of tissue injury and repair mechanisms over the longer term in this light-

damaged albino rat model. 

 

AMD has been recognised as being a vascular condition (Coorey et al., 2012).  Studies of 

human post-mortem tissue affected by AMD has shown the loss of choriocapillaris during 

the early stages of the disease and in adjacent areas to neovascularisation in wet AMD 

(McLeod et al., 2002; McLeod et al., 2009).  In the present study, it has been shown that up-

regulated expression of Cx43 and nitrotyrosine, and increased numbers of CD45-positive 

macrophages are present in the choroid following the light damage.  Future investigations of 
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the choriocapillaris are warranted in order to better understand vascular conditions in the 

light-damaged animal model. 

 

The disrupted retinal pigment epithelium (RPE) and discontinuous Bruch’s membrane in the 

light-damaged albino rat has been reported in previous studies (Noell et al., 1966; van Best 

et al., 1997; Marc et al., 2008; Rutar et al., 2010).  The current study showed disrupted actin 

filaments stained with phalloidin in some patches of the RPE in the central retina at 24 hours 

following the light damage (Figure 3-18, Chapter 3).  Actin is a key component of 

cytoskeletal architecture in the RPE, regulating the cellular apical polarisation (Davis et al., 

1995).  Destabilisation of actin leads to reduction in plasma-membrane integrity and 

blebbing along with an increase in cellular apoptosis (Franklin-Tong & Gourlay, 2008).  

Actin is susceptible to oxidative damage, for example, 4-hydroxynonenal (4-HNE) 

modification (Kokubo et al., 2008).  4-HNE treatment causes destabilisation of actin and an 

increase in soluble actin (Yu et al., 2012).  Further investigation into the phalloidin-stained 

patches of RPE, by applying a range of stress markers, would provide further information on 

the mechanisms involved in RPE damage following intense light exposure. 

 

With specific reference to the study of Cx43 mimetic peptide intervention in the light-

damaged animal model presented in Chapter 4, future investigation is required to clarify 

whether the decreased cone response in the animals treated with a double dose immediately 

after light damage and recovered for 24 hours post-LD (Strategy A)  

(Figure 4-1, Chapter 4) was actually caused by non-specific binding of the mimetic peptide 

to other connexin hemichannels located on the cone photo-transduction pathway.  This could 

be achieved by using a non-specific hemichannel blocker, such as carbenoxolone to treat the 

animals following Strategy A and comparing that with Cx36 specific blockers should these 

become available.  Alternatively, an antisense or RNAi approach could be used to 

specifically target Cx36 and Cx45 to see if the same result is achieved.  ERG would be 

analysed following the same protocol and compared to the data collected from peptide5-

treated animals.  Additionally, further insight might be obtained with a range of dosages of 

peptide5.  It is also of note that there is as yet little information on peptide5 stability in the 
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eye or its pharmacodynamics and modified (more stable) peptides would also be worth 

trying. 

 

Cellular analysis of the collected tissue from animals treated under Strategy A demonstrated 

that down-regulation of the glia-mediated inflammatory response without affecting connexin 

expression may be a trigger for improvement of retinal function.  Further investigation of 

inflammatory responses in the tissue treated under other strategies may be particularly useful 

in order to obtain the best time point to initiate treatment and to determine optimum time 

intervals between doses.   

 

With respect to the study of human AMD affected post-mortem tissue presented in  

Chapter 5, it was shown that there was a regional increase in Cx43, oxidative stress and glia-

mediated inflammation in the retina.  Due to the poor histological condition of the tissue, 

little data was collected from the choroid.  This created difficulties in identifying tissue-

injury events happening in the choroid in the human AMD condition and to make 

comparison to the light-damaged animal model.  Further inspection of the choroid in AMD 

post-mortem tissues would be valuable, especially employing human-specific antibodies for 

detecting oxidative stress and inflammation.  This might provide valuable evidence for the 

role of the choroid in the pathogenesis of AMD. 

 

 

6.4  Conclusions 
 

Cx43 has a close association with early stages of tissue damage and the glia-mediated 

inflammatory responses in both the light-damaged animal model and the human AMD 

condition.  Local administration of a Cx43 mimetic peptide, peptide5 demonstrated 

significant improvement in retinal function is possible by blocking Cx43 hemichannels.  

This protective effect on retinal neurons may be achieved through moderating inflammatory 
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responses.  These data suggest a pharmaceutical potential for peptide5 in the treatment of 

AMD. 
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