
 
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 
 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material from 
their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback 
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the digital copy 
of their work to be used subject to the conditions specified on the Library Thesis 
Consent Form and Deposit Licence. 
 
 
 

http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


 

 

 

 

Immunohistochemical analysis of gap junction protein 

connexin43 following retinal ischaemia and in the 

normal and diseased human eye 

 

 

 

 

 

Nathan Mitchell Kerr 

 

 

 

 

 

 
A thesis submitted in partial fulfilment of the requirements for the degree of  

 

Doctor of Medicine 

Department of Ophthalmology 

The University of Auckland 

 

December 2012 



 II 

ABSTRACT 

Purpose  

Gap junctions are specialised intercellular conduits that link the cytoplasm of neighbouring 

cells. These channels permit the movement of small molecules between cells and play an 

important role in maintaining local homeostasis. Gap junctions are involved in the earliest 

cellular responses to injury and may modulate the response to central nervous system injury. 

This series of related studies aimed first to characterise the spatial and temporal expression 

of connexin43, the most abundant gap junction protein in the central nervous system, 

following retinal ischaemia-reperfusion injury and then to investigate connexin43 expression 

in the normal and diseased human eye.     

 

Methods  

Qualitative and quantitative analyses of connexin43 expression were performed using both an 

animal model and on donated human tissue. Unilateral retinal ischaemia-reperfusion injury 

was induced by elevating intraocular pressure to 120 mmHg for 60 minutes and then 

normalised in male Wistar rats. Post-mortem human eyes were obtained from the New 

Zealand National Eye Bank. Double-label fluorescent immunohistochemistry was used in 

combination with confocal microscopy to characterise the spatial and cell-specific expression 

of connexin43. To evaluate the relationship to astrocyte activation, glial fibrillary protein was 

assessed using immunohistochemistry and western blot analysis. In animal model studies, 

Evans blue dye leak from retinal vessels was used to assess vascular leakage and blood 

vessel integrity was examined using isolectin-B4 labelling. Retinal whole mounts and retinal 

ganglion cell counts were used to quantify neurodegeneration. 

 

Results 

Confocal microscopy generated high-quality images of retinal microstructure enabling precise 

cellular localisation of connexin43 antigen. Retinal ischaemia-reperfusion induced significant 

vascular leakage and disruption. Connexin43 immunoreactivity was significantly increased 

post ischaemia-reperfusion injury in both ischaemic and contralateral retinas, co-localising 

with activated astrocytes, Müller cells, and vascular endothelial cells. Subsequently, 
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significant retinal ganglion cell loss was observed in the ischaemic eye with a trend toward 

loss in the contralateral eye. The subsequent studies established the pattern of connexin43 

immunoreactivity in the normal and diseased human retina. Qualitative analysis using double-

label fluorescent immunohistochemistry and confocal microscopy revealed connexin43 

expression on glia, blood vessels, and epithelial cells in the normal human retina. Significant 

alterations were observed in eyes with primary open angle glaucoma. Key observations 

included increased connexin43 immunoreactivity at the level of the lamina cribrosa and in the 

peripapillary and mid-peripheral retina in association with glial activation. 

 

Conclusions 

These studies have provided important qualitative and quantitative data that add to our 

knowledge of the expression of connexin43 in health and disease.   
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1.1 INTRODUCTION 

 

There is accumulating evidence that intercellular communication networks strongly influence 

some forms of cell death, like apoptosis.1 Gap junctions are specialised intercellular conduits, 

comprised of connexin proteins, which link the cytoplasm of neighbouring cells.2-4 There is 

considerable interest in the role of connexin-based gap junctions and hemichannels in 

ischaemic neuronal injury.1 However, despite a growing body of evidence, the exact 

contribution of the connexin protein family remains controversial, especially in the ophthalmic 

literature.1 This chapter reviews the current knowledge on connexin43-based gap junctions 

and hemichannels in ischaemic neuronal injury within the central nervous system.     

 

1.2 CONNEXINS, CONNEXONS, AND INTERCELLULAR COMMUNICATION  

 

Gap junctions are specialised intercellular conduits that link the cytoplasm of neighbouring 

cells.1-4 These channels allow the passage of small molecules up to 1,000 Daltons including 

nutrients, metabolites, second messengers, anions, and cations.2, 5, 6 Gap junctions permit 

direct communication between multiple cell types and play an important role in maintaining 

local homeostasis and co-ordinating metabolic and/or electrical responses of cells.7 Studies 

have revealed that gap junctions are involved in the earliest cellular responses to injury and 

may modulate the response to central nervous system injury.8-15  

 

Each gap junction channel is comprised of two hemichannels, or connexons, each of which is 

made of six protein subunits termed connexins.16 Connexins are transmembrane proteins 

encoded by a large multigene family consisting of at least 20 members in mammals.6 Each 

connexin has four hydrophobic membrane spanning domains, two extracellular loops, and 

one cytoplasmic loop.17 The carboxy and amino-terminal domains are located in the cytosolic 

side.17 The N-terminus, extracellular loops, and transmembrane regions are highly conserved 

while the cytoplasmic loop and C-terminus are highly divergent in length and sequence 

between connexins.17 These sequence differences account for functional differences between 

connexins including sensitivity to different stimuli and second messenger molecules, and the 



Section I  Chapter 1 
!

 4 

recruitment of associated proteins.17 In addition, connexins interact with a variety of structural 

and signalling molecules including tight-junction associated proteins, adherens junction-

associated proteins, or cytoskeletal proteins.17 Gating of gap junctions is determined by a 

number of factors including transmembrane voltage, pH, calcium concentrations, and 

phosphorylation status.18-20  

 

Figure 1.1 Gap junction and hemichannel structure. (a) Gap junctions are grouped in plaques 

at the membrane surface of two apposed cells. (b) Gap junctions are formed by two aligned 

hemichannels or connexons, one in each adjacent cell. (c) Each hemichannel is composed of 

six connexin molecules. Each connexin has four-transmembrane-spanning domains, two 

extracellular loops (EL1 and EL2), one cytoplasmic carboxy tail (CT), and one cytoplasmic 

amino tail (NT). (Adapted from Ye et al. 2009).21 

 

Connexins are most commonly classified based upon on their predicted molecular mass in 

kilodaltons (kDa).22 Alternatively, connexins may be divided into at least four subgroups 

based on sequence homology and serially numbered by order of discovery.22 For example, 

connexin43 has a theoretical mass of 43 kDa and was the first connexin of the α-group 

(GJA1). Gap junctions between cells of the same type are termed homocellular gap junctions 

while those between different cell types are called heterocellular gap junctions.23  

 

Electrophysiological analysis of single GJ channels
indicates that, like other ion channels, they abruptly
open and close. The permeability of GJ channels
is influenced by physiological variables, including
membrane potential and the intracellular concentra-
tions of H! and Ca2!. As a general principle, the
permeability of GJs is greatest when there is no volt-
age difference across the junction; this corresponds
to the situation when the two coupled cells have
the same resting potential. Increases in intracellular
concentrations of either H! or Ca2! rapidly decrease

junctional conductance (i.e., increase electrical resis-
tance) and permeability to large molecules. Coupling
conductance is sensitive to intracellular pH changes
that are within the physiological range of this variable
(i.e., pH 6.5" 0.5). Because neuronal activity can
cause fluctuations of intracellular pH in astrocytes,
this variable may be an important modulator of GJ
function. Gating by pH depends on the connexin CT.
Truncation of the CT eliminates pH sensitivity. It is
believed that pH changes induce the CT to interact
with a portion of the CL to close the channel, in a
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Connexins are assembled into hemichannels in the endoplasmic reticulum or Golgi 

apparatus, depending on connexin type, and then transported to the cell surface via a 

microtubule-dependent pathway.11, 24 Hemichannels formed by a single connexin type are 

termed homomeric while connexons composed of different connexins are termed 

heteromeric.25 Hemichannels traverse opposed phospholipid bilayers and dock with other 

hemchannels from neighbouring cells via disulphide bridges between cysteine residues on 

the extracellular loops to form gap junction channels.25 Growth of gap junction plaques occurs 

as hemichannels dock at the periphery of existing gap junction plaques and many channels 

must cluster together before the first channel opens.26, 27 Generally, hemichannels remain in a 

closed configuration until they form channels with other hemichannels.17 However, under 

certain conditions hemichannels can open and provide a direct link between the intracellular 

and extracelluar spaces.23  

 

1.3 CONNEXIN43 EXPRESSION IN THE CENTRAL NERVOUS SYSTEM 

 

Gap junctions are present throughout the body. In the central nervous system gap junctions 

are present between neurons, astrocytes, microgila, oligodendrocytes, meningeal cells, 

ependymal cells, and vascular endothelium.6, 17, 24 Gap junctions also permit communication 

between different cell types including neurons-astrocytes and astrocytes-oligodendrocytes.6, 

26 The most abundant gap junction protein in the central nervous system is connexin43.28 

 

Several studies have reported expression of connexin43 between neurons in the central 

nervous system.29-33 However, these studies have used light microscopy and 

immunohistochemistry. The resolution of light microscopy is approximately 0.3 µm while glial 

processes surrounding neurons may be as small as 0.2 µm, making distinction between cell 

types difficult.27 The only connexin to be reliably detected at the ultrastructural level between 

neurons is connexin36.27, 34 

 

Astrocytes are extensively coupled by gap junctions.35 These cells provide physical and 

metabolic support to neurons.35 The high content of gap junctions allows direct intercellular 
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diffusion of ions and signalling molecules, forming a functional syncytium.23 This syncytium 

has been demonstrated in studies using low molecular weight tracers such as Lucifer 

yellow.36 Gap junctions between astrocytes in the central nervous system are primarily 

composed of connexin43.37 Indicating the relatively minor contribution of other connexins, 

connexin43 knock-out mice show negligible dye transfer.38  

 

Connexin expression is particularly abundant between astrocyte processes ensheathing 

chemical synapses and around endfeet surrounding blood vessels.23 The functional 

syncytium formed by astrocytic gap junctions has been implicated in the spatial buffering of 

potassium arising from neuronal activity.39 In addition, gap junctions are important in the 

propagation of intercellular calcium waves.40 Lastly, hemichannels may release adenosine 

triphosphate (ATP) in association with calcium signalling.41 

 

Microglia are resident macrophages in the central nervous system and play an important role 

in the immune response to injury/disease and reactive gliosis.35 Microglia exhibit low levels of 

connexin43 expression under normal conditions, however following trauma or exposure to 

inflammatory cytokines connexin43 expression is significantly increased, allowing for 

enhanced gap junction communication.30, 42 It has been suggested that this enhanced gap 

junction communication between microglia may co-ordinate inflammatory responses.29 

 

Oligodendrocytes are cells that form myelin sheaths around neuronal axons in the central 

nervous system. These myelin sheaths increase the speed of conduction of neuronal 

impulses. Oligodendrocytes have gap junctions composed of connexin29,43 connexin32,44 

connexin36,24 and connexin45,45 and connexin47.46 Connexin43 is not commonly expressed 

on oligodendrocytes.   

 

The central nervous system is surrounded by three connective tissue sheaths, collectively 

called the meninges. Meningeal cells express high levels of connexin43 in addition to 

connexin26 and connexin30.47-50 In addition, ependymal cells that line the ventricles and 

cerebral aqueducts are also highly coupled by gap junctions comprised of connexin43, 
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connexin26, and connexin30.49, 51, 52 In the latter, it is believed that gap junctions synchronise 

cellular activity. 

 

1.4 CHANGES IN CONNEXIN43 EXPRESSION AND GAP JUNCTION COUPLING AFTER 

ISCHAEMIA-INDUCED NEURONAL INJURY 

 

In order to study the role of gap junction communication in ischaemic neuronal injury, it is first 

necessary to establish the pattern and extent of communication between cells following 

ischaemic central nervous system injury. The pattern of connexin gene expression is altered 

in ischaemia of the central nervous system. Connexin proteins have a half-life of only a few 

hours and are continually being synthesised and degraded.53, 54 This short half life enables 

nervous tissue to up- or down-regulate the extent of gap junction coupling in response to 

physiological demands or disease.55 This exquisite level of regulation extends beyond 

channel opening and closure events of channel gating.55    

 

Connexin expression can be regulated at many of the steps in the pathway from DNA to 

protein.56 Ischaemic insults to the central nervous system affect multiple steps including 

mRNA, protein, and distribution levels.25 In addition, connexins may be degraded through a 

process of internalisation. Gap junctions located at the plasma membrane are internalised 

into the cytoplasm of the cell where they are then degraded by proteasomes and 

lysosomes.57   

 

There are two predominant forms of ischaemia affecting the central nervous system – global 

and focal. Both forms lead to inhibition of protein synthesis, stimulation of anaerobic 

glycolysis, release of neurotransmitters, and to the rapid depletion of cellular energy.58 Global 

ischaemia affects the entire central nervous system and is caused by events such as cardiac 

arrest or systemic circulatory collapse.23 It induces selective and delayed neuronal death in 

vulnerable cell populations such as the striatum and pyramidal cells of the hippocampal CA1 

region.58 Focal ischaemia affects a defined area and may arise from acute obstruction of a 

cerebral vessel, such as that caused by an embolic stroke.25 There is loss of cellular energy 
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within minutes and loss of specific brain functions depending upon the territory supplied by 

the occluded vessel.23 Overtime, the infarct increases in size with inclusion of more tissue 

than involved in the initial event.59 Centrally there is a core of rapidly dying neurons and glia 

surrounded by a rim of metabolically compromised but often still viable tissue, called the 

penumbra.11 In the central core cell death predominately occurs through necrosis while 

delayed cell death in the penumbra shows features of apoptosis.11 The expansion of the 

infarct is not believed to be caused through reduction in blood flow, but rather secondary 

processes caused by stress signals or toxic metabolites released by dying cells.11 There is 

increasing evidence that gap junction channels and hemichannels may play a pivotal role in 

the evolution of ischaemia-induced neuronal injury and modulation of its long-term effects.25  

 

Due to the possible role of connexin-based gap junction channels and hemichannels in 

ischaemia-induced cell death in the central nervous system, there has been intense interest 

in changes in connexin expression after ischaemia to the brain. Using both in vitro and in vivo 

models of stroke, several groups have investigated connexin43 expression following both 

focal and global ischaemia. 

 

Multiple experimental models exist to study ischaemia-induced neuronal injury. In vitro 

models include oxygen/glucose deprivation or chemical induction of hypoxia-ischaemia.60 

Focal ischaemia can be induced in vivo by ligation of important vascular structures such as 

the common carotid artery61 or middle cerebral artery.62 Methods to produce global ischaemia 

in vivo include bilateral occlusion of the common carotid artery or cardiac tamponade/arrest.63  

 

In vitro studies investigating connexin43 expression in neuronal ischaemia 

 

Using an in vitro model of ischaemia, Cotrina et al. found that gap junctions between 

astrocytes remain open under ischaemic conditions in brain slices as well as astrocyte 

cultures.9 Brain slices from 13- to 16-day-old Sprague Dawley rats and mixed forebrain 

cultures from 16-day-old-old rat embryos were subjected to metabolic inhibition or ionophore 

exposure. After lethal injury, connexin43 immunoreactive plaques increased rapidly in size 
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and decreased in number, suggesting existing plaques had aggregated.9 During the process 

of cell death, connexin43 dephosphorylated.9 Electrophysiological studies and Lucifer yellow 

injections showed that gap junctions between astrocytes remained open during ischaemic 

conditions, although gap junctional communication was reduced.9 This is significant in the 

setting of stroke, as gap junctions may allow free exchange of intracellular messengers 

between dying and potentially viable astrocytes thereby contributing to secondary expansion 

of ischaemic lesions.9 The reduction in gap junction communication may result from changes 

in gating stimuli such as cellular acidosis, intracellular calcium concentration, or 

phosphorylation of connexins.64 The findings of these studies are significant and support the 

hypothesis that expansion of ischaemic lesions may occur in part through gap junction 

intercellular communication.9 

 

Further work was undertaken by Li and Nagy in which brain slices from adult rats were 

deprived glucose and oxygen to mimic ischaemia.65 Consistent with the findings of Cotrina et 

al., slices exhibited connexin43 dephyosphorylation.65 Western blotting and connexin43 

immunolocalisation with appropriate antibodies also showed epitope masking and gap 

junction internalisation.65 These findings are concordant with a study of confluent cultures of 

rat cortical astrocytes showing internalisation of connexin43 following exposure to 12 hours of 

hypoxia followed by reoxygenation.66    

 

In addition to patent gap junction channels, hemichannels may open under ischaemic 

conditions to allow passage of molecules between the cytoplasm and the extracellular 

space.11 Typically, hemichannels are closed until docked to form a cell-to-cell channel.11 

However, Contreras et al. showed using a metabolic inhibition model that hemichannels may 

open under ischaemic conditions.64 Contreras et al. applied Lucifer yellow externally to rat 

cortical astrocytes following metabolic inhibition of glycolytic acid and oxidative metabolism. 

Typically Lucifer yellow does not enter cells when externally applied.64 However, metabolic 

inhibition induced permeabilisation of cells to Lucifer yellow and this was markedly reduced 

with the gap junction blockers octanol and 18-alpha-glycyrrhetinic acid suggesting that Lucifer 

yellow uptake was mediated by opening of unopposed hemichannels.64 Hemichannel opening 



Section I  Chapter 1 
!

 10 

may be important as it may exacerbate cell injury or mediate paracrine or autocrine 

signalling.11 

 

Retamal et al. confirmed hemichannel opening under ischaemic conditions.67 Metabolic 

inhibition induced by antimycin and iodoacetic acid markedly increased cell permeability and 

the number of connexin43 hemichannels on the surface of cortical astrocytes in culture, and 

was associated with multiple molecular changes including increased dephosphorylation and 

S-nitrosylation.67 The increase in rate of ethidium bromide dye uptake paralleled the increase 

in hemichannel surface expression suggesting that the open probability or permeation per 

hemichannel may be unchanged.67 These results suggest that the increased dye uptake is 

mediated by an increased number of connexin43 hemichannels in the cell surface.67 

 

In vivo studies investigating connexin43 expression in neuronal ischaemia 

 

Several in vivo studies have shown that connexin43 expression changes following ischaemic 

neuronal injury. Hossain et al. examined the distribution and levels of connexin43 in various 

regions of the brain in rats following global cerebral ischaemia produced by bilateral carotid 

occlusion.68 Two days following ischaemia, increased levels of connexin43 immunoreactivity 

where noted in the striatum of animals with mild-to-moderate damage, while those with 

severe damage showed reduced staining.68 Similar changes were seen at 7 days, although 

these changes were less dramatic.68 Increased connexin43 immunoreactivity was also 

observed in the hippocampus at 2 and 7 days following transient global ischaemia.68 Electron 

microscopy showed high levels of connexin43 on astrocytic processes and cell bodies 

surrounding degenerating neurons within ischaemic tissue.68 In contrast to in vivo studies, 

Hossain et al. found no differences in phosphorylation states nor protein levels on Western 

blot analysis.68 This suggests astrocytes respond to an ischaemic insult by reorganising their 

gap junctions.68  

     

Further work was undertaken by Li et al. on the effects of focal cerebral ischaemia on 

connexin43 expression.69 A rat cerebral focal ischaemic model was used in which cerebral 
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ischaemia was induced by transient occlusion of the middle cerebral artery.69 Four different 

anti-connexin43 antibodies were used, each with differing recognition of connexin43.69 This 

differential recognition was thought to reflect various functional aspects of gap junctions.69 

Consistent with in vivo studies, there was early dephosphorylation of connexin43, although 

this effect was reversed by 24 hours.69 At 1 hour after ischaemia, there was elevated 

connexin43 immunoreactivity surrounding an ischaemic core in which connexin43 

immunoreactivity was absent.69 It was hypothesised that these changes represented an 

attempt by astrocytes in the vicinity of the injury to remodel the junctional syncytium according 

to altered tissue homeostatic requirements.69 

 

Changes in connexin43 distribution following focal cerebral ischaemia where further assessed 

by Rami et al.10 This group induced transient forebrain ischaemia in male Wistar rats by 

clamping both carotid arteries and lowering mean arterial blood pressure.10 In concordance 

with the findings of Rami et al., increased immunostaining was observed in the hippocampus 

2 days following ischaemia.69 Similar to the pattern observed with transient middle cerebral 

artery occlusion,10 alterations in connexin43 immunoreactivity were confined to areas of 

neuronal damage.69 The question of whether gap junction distribution correlated to neuronal 

vulnerability was investigated by examining expression in the various subfields of the 

hippocampus. It is known that the pyramidal cells in the CA1 and CA2 subfields are 

particularly vulnerable to ischaemic injury, while neurons in the CA3 and CA4 subfields are 

relatively spared.70 Rami et al. found that the vulnerable CA1/CA2 subfields had a high 

density of connexin43 gap junctions compared to the resistant CA3/CA4 subfields.10 These 

changes suggest the distribution of connexin43 immunoreactivity might correlate with the 

phenomenon of selective neuronal vulnerability.25 

 

Using a different model of focal cerebral ischaemia, Haupt et al. investigated connexin43 

expression at the mRNA level following photochemically initiated thrombosis in the rat brain.71 

The temporal profile of connexin43 mRNA as well as protein expression was studied in 

remote, structurally uninjured cortical and hippocampal areas.71 Following injury there was an 

increase in connexin43 mRNA positive cells in the somatosensory cortex of injured 
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hemispheres and this was accompanied by a reduction in immunoreactivity at the lesion 

site.71 Paralleling changes in other studies, there was an increase in connexin43 

immunoreactivity in the area subjacent to injury and this was accompanied by an increase in 

connexin43 mRNA positive cells in this location.71 

 

The same group studied the spatio-temporal expression of glial fibrillary acidic protein as well 

as connexin43 mRNA and protein in gliotic tissue after focal photothrombotic ischaemic 

injury.72 They found reactive astrocytes enveloped lesions and upregulated their connexin43 

mRNA and protein.72 These changes began at day 1 and by day 14 a band of reactive 

astrocytes appeared at the bottom of the lesion.72 Later, from day 14 a stream of reactive 

astrocytes positive for connexin43 mRNA and protein were visible above the lesion.72 A band 

of reactive astrocytes filling in the lesion exhibited elevated connexin43 and showed a high 

degree of proliferation.72 

 

Changes in connexin43 expression have also been reported in human disease. Nakase et al. 

investigated connexin43 expression in the human brain following ischaemia.73 Patients who 

died from embolic stroke were considered to have acute ischaemia while those with multiple 

infarctions, but died of other causes such as cancer or pneumonia, were viewed as having 

chronic ischaemia. Astrocytes were strongly activated in penumbral lesions in both acute and 

chronic ischaemia.73 Prominent connexin43 immunoreactivity was noted surrounding areas of 

both acute and chronic ischaemia, although it was significantly higher in chronic ischaemia.73 

 

Taken together, these changes in connexin expression may represent reactive gliosis or be 

part of an adaptive, or perhaps maladaptive, response to ischaemic injury.64 

 

1.5 ROLE OF CONNEXIN43 IN MEDIATING THE EFFECTS OF ISCHAEMIA IN NERVOUS 

TISSUE 

 

Connexin43 can affect the cell death process through a number of mechanisms including gap 

junction channels, hemichannels, and connexin proteins.1 Gap junctions remain open under 
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ischaemic conditions and can allow the passage of cell death signals or cell survival signals 

between cells.1 For example, potentially toxic molecules present in high concentrations in 

injured cells such as calcium, nitric oxide, and superoxide ion could be transferred through 

gap junction channels to healthier cells, contributing to the propagation of conditions that 

could promote cell death.11  

 

This concept of ‘bystander death’ is best illustrated by suicide gene/prodrug studies.74 Human 

glioblastoma cell cultures were transfected with the herpes simplex virus type 1 thymidine 

kinase (HSV-tk) gene.75 Following exposure to the prodrug ganciclovir, which is 

phosphorylated and competitively inhibits the incorporation of endogenous deoxyguanosine 

triphosphate leading to termination of DNA synthesis and subsequent apoptosis, transfected 

but also surrounding untransfected cells died.75 The gap junction blocker 18-α-glycyrrhetinic 

acid inhibited cell death.75 These results suggest that gap junctions are a mediator of 

bystander death by allowing the transfer of phosphorylated ganciclovir from transfected cells 

to untransfected cells.75 The process of bystander cell death has also been demonstrated to 

occur in the retina.76 Targeted cell death was induced by intracellular injections of cytochrome 

cell and surrounding cells were examined for signs of apoptosis.76 The gap junction inhibitors 

octanol and carbenoxolone significantly reduced bystander killing.76 This suggests dying cells 

in the retina generate a gap junction-permeant apoptotic signal that mediates bystander 

killing.76  

 

Alternatively, gap junctions may allow the passage of molecules required for normal 

metabolism such as glucose, ATP, and reduced glutathione from injured cells to healthier 

cells, potentially increasing the viability of injured cells.11 Similarly, enhanced astrocyte 

coupling may allow spatial buffering of factors that increase during ischaemia such as 

glutamate or potassium.23 Conversely, the efflux of glucose or ATP may compromise a cell’s 

recovery from ischaemia.25 

 

Hemichannels influence cell death through four mechanisms.1 While typically closed under 

normal conditions, hemichannels can open under ischaemic conditions.64 Hemichannels may 
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permit entry of cell death signs or loss of cell survival signals, be involved in paracrine 

signalling of death or survival messages, mediate transmembrane signal transduction, or 

affect mitochondrial function.1  

 

Lastly, connexin43 may influence cell death through mechanisms independent of gap junction 

channels or hemichannels. For example, connexins may associate with, or influence the 

production of, cell death signals.1  

 

Figure 1.2 Connexin-related signalling in cell death. Connexins can affect the cell death 

process through a number of mechanisms, involving gap junction intercellular communication 

(1), hemichannels (2–5) and connexin proteins as such (6,7). Gap junction channels can 

accommodate direct exchange of cell death and cell survival signals between cells (1). 

Hemichannels may contribute to cell death by four different mechanisms: by the entry of cell 

death or the loss of cell survival signals (2), through paracrine signaling of death or survival 

messengers (3) by hemichannel-mediated transmembrane signal transduction (4) or by 

affecting mitochondrial functioning (5). Connexin proteins as such can associate with cell 

death regulators (6) or influence the expression of these molecules (7). Hemichannels may 

act as a permeabilization pore by itself or as a part of a death complex (8), allowing ATP to 

leave the cell or bacterial molecules to make their way into the cell. (Figure and legend 

adapted from Decrock et al. 2009).1 
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There remains significant controversy over the exact contribution of connexin43 in neuronal 

injury, especially within the ophthalmic literature, and has been subject to intense research in 

recent years. 

 

To determine the role of connexin43 in central nervous system ischaemia, various methods 

have been employed to manipulate gap junction communication. Gap junction communication 

can be modulated by a variety of pharmacological agents, antibodies, peptides, antisense 

compounds, or through the use of knock-out transgenic animals or viral transfection 

approaches.77 It is important to understand the limitations of each technique, especially when 

interpreting apparently contradictory findings.78  

 

There are several pharmacological agents that inhibit gap junction communication. Common 

agents include 18-α-glycyrrhetinic acid, carbenoxalone, and inhalation anaesthetic agents 

such as halothane, octanol, or heptanol.77 The mechanism of action is uncertain, although it is 

thought to relate to disruption of membrane organisation.77 The major weakness of 

pharmacological agents is that they are non-specific.77 There is no selectivity with regard to 

gap junctions, all gap junctions in the tissue are affected.35 Furthermore, they may have 

actions independent of their effect on gap junctions. For example, halothane also blocks 

calcium release and carbenoxalone may block neuronal network activity through a direct 

effect on neurons not mediated by gap junctions.79 Octanol interferes substantially with 

synaptic transmission, reducing excitatory potentials by 50%.80  

 

Antibodies to connexin epitopes have been used to reduce gap junction intercellular 

communication.77 The major limitation of this technique, is that the antibodies must be able to 

access their specific epitope.77 Antibodies recognising intercellular epitopes must therefore be 

injected intracellularly or bulk loaded into cells.77 Even antibodies recognising extracellular 

epitopes may experience problems due to the close proximity of adjacent cells.77 A related 

technique is to add peptide sequences corresponding to extracellular loops of gap junction 

channels.81  
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Antisense oligodeoxynucleotides are short chain nucleotides that block expression of a gene 

by binding to and preventing translation of mRNA.82 This permits specific and temporary 

knockdown of connexin gene products.82 One of the limitations of this technique is the short 

half-life of antisense oligodeoxynucleotides, however this can be overcome through the use of 

delivery systems such as Pluronic gel.82 The use of such systems allows temporal and spatial 

control of antisense knockdown and they can be applied to multiple species.77 Like 

pharmacological agents, they may have multiple modes of action.77 It can also be difficult to 

interpret the effects of incomplete knockout and there can be variability between treatments.77  

 

Transgenic knock-out animals have both advantages but also disadvantages over antisense 

technology.77 While providing permanent and very specific knockout of a target connexin, 

lethalities and limited species availability are problematic.77 It is very important to appreciate 

that knock-out models cannot differentiate between the effect of gap junctions or 

hemichannels as both are affected.78 Another limitation, in the case of connexin43 knock-out 

models, is that normal astrocytic homeostasis is impaired.78 Additionally, connexin30 may 

partially compensate for loss of connexin43 function.48 

 

In vitro studies of gap junction modulation in ischaemic neuronal injury 

 

Neuroprotective effects of gap junction blockade in neuronal ischaemia 

 

Several lines of evidence support the hypothesis that gap junctions contribute to the 

propagation of cell death following ischaemic neuronal injury. Frantseva et al. investigated the 

role of gap junction communication in ischaemic-induced cell death using an in vitro 

ischaemia model.83 Organotypic hippocampal slices were submersed in glucose-free 

deoxygenated medium and cell death was assessed by propidium iodide staining.83 The non-

specific gap junction blocker carbenoxolone significantly decreased the spread of cell death 

over a 48-hour period after ischaemia.83 To determine whether specific connexins were 

involved, antisense oligodeoxynucleotides were applied. Partial reduction of connexin43 

significantly reduced cell death, suggesting that connexin43 gap junction communication 
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contributes to ischaemic injury.83 In addition carbenoxolone significantly reduced spreading 

depression, the neuronal and glial depolarisation known to follow ischaemia.83 These results 

suggest that gap junctions may adversely affect neuronal survival after ischaemic injury, 

possibly through spreading depression. Spreading depression is common after ischaemic 

injury and is associated with cell death in metabolically compromised cells.84  

 

The findings of Frantseva et al. were confirmed in a similar chemical ischaemia experiment, in 

which organotypic hippocampal slices were exposed to oxygen-glucose deprivation.13 de 

Pina-Benabou et al. found that chemical ischaemia increased gap junction coupling and that 

the application of carbenoxolone before, during, or 60 minutes after oxygen-glucose 

deprivation markedly reduced neuronal death as assessed by propidium iodide staining.13 

These results are consistent with studies showing that gap junctions remain open under 

ischaemic conditions9, 85 and may propagate stress signals from cell to cell.25 

 

To further elucidate the mechanism by which gap junctions reduce neuronal death in vivo, 

Nodin et al. investigated the effect of gap junction blockade on iodoacetate-induced ATP 

depression and cell death progression in astrocytes in primary rat hippocampal cultures.14 

Astrocytes depend on anaerobic glycolysis for their ATP production.86 Metabolic inhibition 

with the glycolytic inhibitor iodoacetate therefore reduces ATP levels. Nodin et al. found that 

gap junction blockade with carbenoxolone, flufenamic acid, heptanol or octanol significantly 

reduced ATP-depression induced apoptosis, as demonstrated by Annexin V binding.14  

 

A major criticism of the above studies is that inhalation agents such as carbenoxolone and 

halothane are quite non-specific.11 In addition, both carbenoxolone and halothane reduce 

transmission at chemical synapses.79 The use of more selective approaches, such as 

antisense oligodeoxynucleotides, has allowed more detailed assessment of the role of 

connexin43.  

 

Using a model of optic nerve ischaemia, Danesh-Meyer et al. investigated the effect of 

selective inhibition of connexin43 on cell death following chemical ischaemia.82 Isolated rat 
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optic nerve segments were cultured in vitro and exposed to oxygen-glucose deprivation.82 

Upregulation of connexin43 was seen at 2 hours following ischaemia and peaked at day 3.82 

Application of connexin43 antisense oligodeoxynucleotides dampened this upregulation and 

reduced cell death as assessed by propidium iodide staining.82 Antisense treatment was 

associated with reduced capillary breakdown, less astrocytosis, and a reduction in number of 

activated microglia compared to control nerves.82 

 

In a study of retinal ischaemia, Das et al. exposed cultured R28 neuro-retinal cells to 

ischaemia using cobalt chloride as a chemical agent.87 A novel gap junction inhibitor, PQ1, 

was developed and was shown to inhibit dye transfer by 70%.87 Pretreatment with PQ1 

significantly reduced apoptosis following retinal ischaemia, as detected by activation of 

caspase-3.87   

 

Deleterious effects of gap junction blockade in neuronal ischaemia 

 

Blanc et al. investigated the effect of uncoupling gap junctions on neuronal vulnerability to 

oxidative injury in rat hippocampal cell cultures.88 Oxidative neuronal injury is believed to 

contribute to neurodegenerative conditions, including ischaemic stroke.88 Mixed cultures of 

neurons and astrocytes were exposed to oxidative insults from ferrous sulfate and 4-

hydroxynonenal.88 Following oxidative insults, treatment of mixed cultures with 18-α-

glycyrrhetinic acid increased cell death, as measured by lactate dehydrogenase release, and 

impairment of mitochondrial function.88 Microscopic analyses of mixed cultures combined with 

studies of pure astrocyte cultures revealed that increased cell death and oxidative stress 

occurred in neurons only, not astrocytes.88 These results may suggest that gap junctions 

between astrocytes reduces neuronal vulnerability to oxidative stress.88  
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In vivo studies of gap junction modulation in ischaemic neuronal injury 

 

Neuroprotective effects of gap junction blockade in neuronal ischaemia 

 

The effect of gap junction blockade on infarct volume has been investigated in a rodent model 

of stroke.88 Rawanduzy et al. pretreated rats with octanol prior to occlusion of the middle 

cerebral artery. Animals treated with octanol had significantly lower infarction volumes 

compared with control animals.88 To further investigate the mechanism through which gap 

junction communication may contribute to lesion expansion, the effect of octanol on spreading 

depression was explored in a separate series of experiments.88 Following an infarct, waves of 

spreading depression are induced and may enlarge stroke volume.89 Rawunduzy et al. 

showed that treatment with octanol abolished or inhibited experimentally-induced waves of 

spreading depression.8 These results provided the first in vivo evidence that astrocytic gap 

junctions may be involved in spreading depression and expansion of infarcts following central 

nervous system ischaemia.11 It should be noted however that octanol is not a very selective 

gap junction inhibitor.11 

 

Using a different model, Rami et al. showed similar results with a reduction in neuronal death 

with gap junction blockade in a rodent model of transient cerebral ischaemia.10 Transient 

forebrain ischaemia was induced in male Wistar rats by clamping both common carotid 

arteries and lowering mean arterial pressure. Animals treated with octanol 30 minutes prior to 

ischaemia had significantly lower levels of damaged cells in the CA1 hippocampal subfield.10 

These data suggest that damage can propagate through gap junctions and is consistent with 

the findings of Lin et al. who have shown that the likelihood of cell death is proportional to the 

number and density of gap junctions.85 Like in vitro studies, in vivo studies confirm gap 

junctions remain open and cells coupled.85     

 

de Pina-Benabou et al. investigated blockade of gap junctions in vivo after perinatal 

ischaemia.13 Pregnant rats were anaesthetized and the uterus isolated from its blood supply 

and surrounding tissue and then immersed in 37°C saline for 12.5 minutes to simulate birth 
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anoxia. Administration of carbenoxolone to ischaemic pups immediately after intrauterine 

hypoxia/ischaemia prevented caspase-3 activation and dramatically reduced neuronal 

damage.13 

 

The role of gap junction coupling in astrocytic networks has been investigated in an animal 

model of global ischaemia.90 Perez Velazquez et al. performed four vessel occlusion in male 

Wistar rats.90 Pre-treatment with gap junction blockers carbenoxolone, 18-α-glycyrrhetinic 

acid, and endothelin reduced cell death and the number of TdT-mediated dUTP nick end 

labelling (TUNEL) positive neurons.90 Importantly, blockade with quinine, an inhibitor of 

connexin36 gap junction channels, did not reduce neuronal death.90 Perez Velazquez et al. 

found that treatment with carbenoxolone reduced lipid peroxides, a measure of free radical 

formation.90 This study highlights the role of gap junction coupling in ischaemic injury and may 

suggest that gap junction communication is related to oxidative stress.90  

 

In a rodent model of stroke, Li et al. performed middle cerebral artery occlusion resulting in 

neurological deficit.91 Following ischaemia, connexin43 mRNA and protein levels were 

significantly decreased.91 Treatment with Gingko biloba or nimodipine was associated with an 

increased in connexin43 levels and improvement in neurological deficit.91 However, due to the 

multiple modes of action of both Gingko biloba and nimodipine, these results must be 

interpreted with caution.  

 

Deleterious effects of gap junction blockade in neuronal ischaemia 

 

Three studies have found that infarct size is increased after stroke in connexin43 knock-out 

animals following middle cerebral artery occlusion. 

 

Siushansian et al. used heterozygous connexin43 null mice in a model of focal ischaemia.92 

These mice express 40% of the level of connexin43 compared to wild-type mice.92 Infarct 

volume was compared between knock-out and wild-type mice following focal ischaemia 
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produced by middle cerebral artery occlusion. Knock-out mice exhibited significantly larger 

infarct volumes.92 

 

These findings were confirmed and extended by Nakase et al.93 Hetereozygote connexin43 

null mice and wild-type mice underwent unilateral middle cerebral artery occlusion. Consistent 

with the findings of Siushansian et al., hetereozygotes exhibited larger infarct volumes than 

wild-type mice.93 Heterozygous mice showed more severe apoptosis and higher levels of 

caspase-3 compared to wild-type mice.93 The degree of gliosis was less in heterozygous 

mice.93 

 

In a second study by Nakase et al., focal stroke was performed on animals specifically 

deficient in astrocytic connexin43 to explore the role of these gap junctions in ischaemic 

injury.94 Compared to control wild type mice, astrocyte-directed connexin43 deficient mice 

had significantly larger ischaemic lesions.94 Apoptotic markers TUNEL and caspase-3 were 

both significantly higher in mice deficient in astrocyte connexin43.94 In addition, increased 

inflammation was observed in the penumbra of astrocyte-directed connexin43 deficient 

mice.94 These findings were confirmed in a subsequent study by the same group.43 

 

These apparently contradictory results should be interpreted with caution. Most gap junction 

blockers prevent intercellular communication for a short time period, while knock-out models 

permanently delete a gene. It is likely that these disparate approaches, at least in part, 

account for some of the differences observed between knock-out studies and transient 

suppression studies.64 

 

While there have been significant advances in our understanding of connexin43 in central 

nervous system ischaemia, it remains unknown whether the response of connexin43 to retinal 

ischaemia parallels that seen in cerebral ischaemia. This knowledge is important, not just for 

our understanding of the pathophysiology of retinal disease, but because it would provide the 

impetus to investigate the effects of gap junction modulation on neuronal death, inflammation, 

and vascular leakage following retinal ischaemia.  
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2.1 INTRODUCTION 

 

The retina is the thin layer of neural tissue that lines the inner aspect of the posterior part of 

the eye.1 It is a complex and highly specialised structure that functions to convert photons of 

light into electrical signals through a process of photochemical transduction.2 It is derived 

from, and is part of, the central nervous system.3 The retina consists of an inner neurosensory 

layer and an outer pigmented layer.2 The inner photosensitive retina is a thin, transparent, 

delicate layer of nervous tissue with a surface area of approximately 266 mm2 in the human.1 

It is firmly adherent to the optic disc and extends anteriorly to the ora serrata where it is 

continuous with the non-pigmented ciliary epithelium.4 The inner neurosensory retina is 

thickest near the optic disc, where it measures 560 µm, and becomes thinner toward the 

periphery measuring 180 µm at the equator and 100 µm at the ora serrata.1 In comparison 

the retinal thickness of the rat is approximately 170 µm.5, 6 The inner surface of the 

neurosensory retina is in contact with the vitreous body4 and is loosely attached to the 

underlying outer pigmented layer by an extracellular matrix.1  

 

 

Figure 2.1 The gross anatomy of the eye. (Adapted from Snell et al. Clinical anatomy of the 

eye. 2nd ed: Oxford, Blackwell Publishing, 1998.) 



Section I  Chapter 2 
!

 33 

2.2 LAYERS OF THE RETINA 
 

The retina is a highly ordered structure and is composed of three predominant cell types - 

neurons, glial support cells, and pigmented epithelial cells.7 These cell types can be further 

classified on a morphological and functional basis.  There are three classes of neurons - 

photoreceptors, integrating neurons, and ganglion cells - arranged in three parallel layers 

connected by two synaptic layers.7 The integrating neurons can be subdivided into four types 

- bipolar cells, horizontal cells, amacrine cells, and interplexiform cells.7 The vertebrate retina 

contains three types of glial cells - astrocytes, Müller cells, and a small number of microglia.8 

    

 

Figure 2.2 Diagram of the major neuronal cell types of the retina. (Adapted from Snell et al. 

Clinical anatomy of the eye. 2nd ed: Oxford, Blackwell Publishing, 1998.) 

 

Histologically the retina can be divided into 10 layers: 

1. The retinal pigment epithelium (RPE) is the outermost layer of the retina consisting of 

a single layer of pigmented epithelial cells and is separated from the choroid by 

Bruch’s membrane. 
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2. The photoreceptor layer is composed of the processes of photoreceptor cells. 

3. The outer limiting membrane is a thin eosinophilic structure visible on light 

microscopy that separates the photoreceptor layer from the outer nuclear layer and is 

formed by junctional complexes between Müller cells and the inner segments of 

photoreceptors.  

4. The outer nuclear layer (ONL) is comprised of the cell bodies of retinal rod and cone 

photoreceptor cells. 

5. The outer plexiform layer (OPL) is a featureless layer on light microscopy that 

contains synaptic connections between photoreceptor cells and integrating neurones.  

6. The inner nuclear layer (INL) is composed of the cell bodies of integrating neurones.   

7. The inner plexiform layer (IPL) is comprised of synaptic connections between 

integrating neurons and retinal ganglion cells. 

8. The ganglion cell layer (GCL) consists of cell bodies of ganglion cells and displaced 

amacrine cells separated by Müller cell processes and neuroglia.  

9. The nerve fiber layer (NFL) contains axons of retinal ganglion cells. 

10. The inner limiting membrane (ILM) is the innermost layer of the retina and separates 

the retina from the vitreous body. It is composed of the basal lamina of Müller cells.  

 

 

2.3 NEURONAL CELL TYPES 

 

Photoreceptor cells 

 

Photoreceptor cells are highly specialised neuroepithelial cells4 that are responsible for 

photochemical transduction.9 There are two types of photoreceptor cells; rods and cones.2  

Both rods and cones are composed of an outer and inner segment connected by a thin 

cytoplasmic bridge containing a modified cilium.4, 10 The outer segment is the site of 

phototransduction while the inner segment contains organelles necessary to support the 

metabolic demands of the cell.3 The inner segment can be further divided morphologically into 

an outer ellipisoid and an inner myoid portion.11 The ellipisoid contains numerous 
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mitochondria while the myoid contains a prominent Golgi apparatus, rough endoplasmic 

reticulum, and both free and membrane-bound ribosomes.11 Microtubules are distributed 

throughout the inner segment.11 In both rods and cones  the cell nucleus is located in a 

widened perikaryl region10 and collectively these nuclei comprise the outer nuclear layer of 

the retina.3 The synaptic terminals of photoreceptor cells differ from synapses elsewhere in 

the nervous system and vary between the rod and cone subtypes. Photoreceptor synaptic 

terminals contain ribbon synapses, specialised synapses found only in the retina and pineal 

gland.8 These synapses direct vesicles to preferred sites on the presynaptic membrane in 

preparation for their release.8 In rods the synaptic terminal, termed a spherule, is smaller than 

the broad synaptic terminal of cones, known as a pedicle.10 Both spherules and pedicles then 

synapse with the processes of bipolar and horizontal cells.10 Photoreceptor synapses usually 

exist as a triad comprising one bipolar and two horizontal cells.8 Gap junctions exist between 

adjacent photoreceptors and are typically present near synaptic terminals.8 Gap junctions are 

also present between horizontal cells, between amacrine cells, and between bipolar and 

amacrine cells.8   

 

The outer segments and the ellipisoid portion of inner segments are surrounded by an 

interphotoreceptor maxtrix (IPM) composed of a mucoprotein substance.4 The IPM is a major 

route by which nutrients and metabolites pass between photoreceptors and the vascular 

choroid.10 The biochemical constitution of the IPM continues to be elucidated, however it has 

been identified that interphotoreceptor retinal binding protein (IRBP) is a major component.10 

IRBP is a glycoprotein that facilitates the transport of retinol, a vitamin A derivative necessary 

for phototransduction and photopigment regeneration, between photoreceptors and the 

RPE.10   

 

Photoreceptor cells form tight junctions with Müller cells and other photoreceptor cells.3 These 

tight junctions form an apparent linear membrane, the external limiting membrane.11 The 

external limiting membrane is comprised of a row of zonulae adherents between the apical 

end of Müller cells and photoreceptors.11 This layer is thought to act as a metabolic barrier 

restricting the passage of large molecules into the inner retina.11 
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Rods 

 

Rods are named for the cylindrical or rod-shaped appearance of their outer segment at the 

light microscope level.9 The human retina contains approximately 120 million rods11 with the 

highest density in an elliptical ring that passes through the optic nerve.8 Rods are absent or 

only rarely present in the fovea.8  Each rod is approximately 2 µm wide and varies in length 

from 40 µm in the periphery to 60 µm at the fovea.11 With increasing age there is a gradual 

decline in the number of rods at a rate of approximately 0.2% to 0.4% per year.8  

 

Rods contain the visual pigment rhodopsin and mediate dim-light or scotopic vision.10 

Rhodopsin is present in high concentrations in the membranous discs of the rod outer 

segment9 and is composed of apoprotein, opsin, and the light-absorbing chromophore 

retinal.8 Photons of light induce a conformational change in the rhodopsin molecule resulting 

in activation of the enzyme phosphodiesterase type 6 (PDE6)  via interaction with the G-

protein transducin.11 PDE6 activation leads to a reduction in intracellular cyclic cGMP (cGMP) 

levels and closure of cGMP-gated cation channels resulting in hyperpolarisation of the 

photoreceptor cell.11 This hyperpolarisation leads to a reduction in the release of the 

excitatory neurotransmitter glutamate from the synaptic terminal8 which is detected by bipolar 

cells that in turn send electrical impulses to the brain.11  

 

The outer segments of rods are constantly being renewed.10 Rhodopsin is capable of a large 

but finite number of photoisomerisation events.9 New discs are formed at the base of the 

outer segment and migrate outwards.9 Following sleep, a burst of disc shedding occurs when 

light first enters the eye.11 Shed discs are phagocytosed by retinal pigment epithelial cells at 

an estimated rate of 7,500 discs/day11 resulting in the outer segment being renewed 

approximately every 10 days.9 

 

 

 



Section I  Chapter 2 
!

 37 

Cones 

 

Cones are the second major type of photoreceptor in the mammalian retina. These cells 

share a similar basic structure to rod photoreceptors but differ in several respects.7 The outer 

segment of cones is shorter than rods and does not extend as deeply to the pigment epithelial 

layer.3 In cones the outer segment is conical, tapering to a rounded tip.2 However, at the 

fovea cone outer segments are not tapered, but long and cylindrical resembling the outer 

segment of rods, due to a greater density of cones in this location.3 Cone outer segments also 

contain multiple membranous discs but unlike rods the disc membrane is continuous with the 

plasma membrane so that on one side the space between the discs is continuous with the 

extracellular environment.7 Unlike rods the tips of cones are not phagocytosed despite being 

invested by the processes of pigment epithelial cells.2 There are also differences in the 

morphology of the inner segment. The ellipisoid regon in cones is larger and more rounded 

than in rods due to a greater number of mitochondria in cones;1 reflecting the high metabolic 

activity and oxygen requirements of these cells.3  

 

The human retina contains approximately 4 to 5 million cones.1 Cones vary in length from 85 

µm at the fovea to 40 µm in the periphery.11 Similarly the density of cones varies in different 

parts of the retina being greatest at the fovea and decreasing toward the periphery.2  The 

density of cones is greater in the nasal retina than the temporal retina and higher in the 

superior retina than the inferior retina.1 Functionally cones are adapted to photopic conditions 

and have an important role in visual acuity and colour vision.12 There are three classes of 

cones; however they cannot be distinguished morphologically.11 Each class is sensitive to a 

different wavelength of light due to different visual pigments. L-cones are sensitive to long 

wavelengths (red light; 588 nm), M-cones are sensitive to medium wavelengths (green light; 

531 nm), and S-cones to short wavelengths (blue light; 420 nm).9 These three types of cones 

therefore provide trichromatic vision.12   
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Integrating neurons  

 

There are four types of integrating neurons - bipolar cells, horizontal cells, amacrine cells, and 

interplexiform cells.7 The cell bodies of these neurons are located in the inner nuclear layer 

with the nuclei of Müller cells.10  

 

Bipolar cells 

 

Bipolar cells are the most numerous of the integrating neurons.7 These cells receive input 

from photoreceptors and provide output to amacrine and retinal ganglion cells.8 Bipolar cells 

have a radial orientation2 and extend between the inner and outer plexiform layers.11 The cell 

bodies of these cells are approximately 5 µm in the periphery and 9 µm at the fovea.1 

 

Bipolar cells can be broadly classified into ON- or OFF-classes.8 ON or depolarising cells 

respond to a light stimulus by depolarising while OFF or hyperpolarising bipolar cells have the 

opposite response.9 Another method of classifying bipolar cells is according to their synaptic 

connections.8 Rod bipolar cells connect several rod photoreceptors to one or more retinal 

ganglion cells.2  Flat or diffuse bipolar cells connect multiple cone photoreceptors to multiple 

retinal ganglion cells whereas midget bipolar cells connect a single cone photoreceptor with a 

single midget ganglion cell.2  Functionally bipolar cells act as comparators or edge-detectors 

comparing the activity in one region of the retina with an adjacent region.9  

 

Horizontal cells 

 

Unlike bipolar cells, horizontal cells transmit information horizontally through the retina.1 

Horizontal cells are comprised of a cell body and associated dendrites.9 The nuclei of 

horizontal cells are located in the outer portion of the outer nuclear layer.12 The density of 

horizontal cells is highest at the fovea and decreases toward the periphery.1  The cell bodies 

are flat in shape and have a diameter of 6-8 µm.1 The cytoplasm contains smooth and rough 

endoplasmic reticulum, mitochondria, and many free ribosomes.1 These cells are 
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characterised by the presence of an intracyoplasmic inclusion called a Kolmer crystalloid.1 

The function of this structure is not known but it may represent a rough endoplasmic 

reticulum.1  Horizontal cells are multipolar and have one long and several short processes 

that run parallel with the retinal surface.2 These processes synapse in the outer plexiform 

layer with rod spherules, cone pedicles, and bipolar cells.11  

 

Horizontal cells inhibit surrounding photoreceptors thereby increasing contrast sensitivity.9 

These cells receive glutaminergic input from photoreceptors and form inhibitory gabaergic 

synaptic contacts with adjacent rods and cones.9 In cones, this inhibitory feedback is 

mediated by gap junction hemi-channels where electrical current alters the release of 

glutamate by modulating the calcium channels of cones.8  

 

Amacrine cells 

 

Amacrine cells were named because it was believed these cells did not have axons.8 The cell 

bodies of amacrine cells are located in the inner nuclear layer, internal to the nuclei of Müller 

cells, but may be displaced into the ganglion cell layer.9 In the human retina displaced 

amacrine cells comprise 3% of the total cells in the central retina and up to 80% of cells in the 

far periphery.10 In fact in the peripheral retina the density of amacrine cells in the ganglion cell 

layer can exceed that of retinal ganglion cells.8 In the rat approximately 27% of all nuclei in 

the ganglion cell layer are displaced amacrine cells.13 Amacrine cells are absent at the fovea.1 

These cells have a flask-shaped cell body measuring approximately 12 µm in diameter and 

an abundant cytoplasm containing numerous mitochondria and a granular endoplasmic 

reticulum.1  The nucleus is characteristically lobulated in appearance.1 The processes of 

amacrine cells branch extensively to synapse with the axons of bipolar cells and the dendrites 

of retinal ganglion cells, amacrine cells, and interplexiform cells.11   

 

Amacrine cells can be classified according to: (1) the shape of the cell; (2) the pattern of 

branching and level of stratification in the inner plexiform layer; and (3) the neurotransmitter 

they produce.11 There is however no correlation between morphology and physiological 
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classification.1 The most common type of amacrine cell is the AII amacrine cell.8 In the rat 

these cells account for 10% of all amacrine cells.10  AII amacrine cells are an important 

component of the rod visual pathway where they connect rod bipolar cells with cone biopolar 

cells and ganglion cells.10 Functionally amacrine cells serve as modulators of 

photoreceptors.2 

 

Some amacrine cells have been found to contain nitric oxide synthase.8  Following neuronal 

injury there is an upregulation of the number of nitric oxide synthase-containing retinal cells 

and an increase in nitric oxide release.8 Nitric oxide has a variety of biological effects and has 

been implicated in neuronal cell death following central nervous system injury.14 Using a 

retinal ischaemia reperfusion model in the rat Cheon et al. demonstrated an increase in nitric 

oxide synthase-immunoreactive amacrine cells in the inner nuclear and ganglion cell layer.14 

The administration of the neuroprotective agent betaxolol significantly reduced the number of 

nitric oxide synthase-immunoreactive cells compared to untreated eyes.14   

 

Interplexiform cells 

 

Interplexiform cells are a distinct class of integrating neuron.10 The cell bodies of 

interplexiform cells are located at the innermost border of the inner nuclear layer.10 Unlike 

amacrine cells, the processes of interplexiform cells extend to both the inner and outer 

plexiform layers.1  These cells receive sensory input mainly from amacrine cells and carry 

information between the two plexiform layers.1  

 

Ganglion cells 

 

Retinal ganglion cells are located in the inner most layer of nuclei.3 These cells are so named 

because of their resemblance to cells in nervous ganglia.2 Retinal ganglion cells are large 

with a diameter of between 10 µm and 30 µm.1 They are round or oval in shape and have a 

faint nucleus with a prominent nucleoli and an abundant cytoplasm containing rough 

endoplasmic reticulum termed Nissl substance.1 Disintegration of the Nissl substance is an 
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early sign of retinal disease.1 Other cytoplasmic organelles include mitochondria, lipoidal 

granules, and smooth endoplasmic reticulum.1 Retinal ganglion cells have a single axon 

which exits the cell body and passes in the retinal NFL to the optic disc.11 Opposite the axon, 

dendrites extend from the cell body and synapse with axons of bipolar cells and amacrine 

cells.2  

 

The human retina contains approximately 1.2 million retinal ganglion cells.15 In the peripheral 

retina ganglion cells form a single layer, however this increases toward the macula where at 

the edge of the fovea there are 6-8 layers.1 Accordingly the height the retinal ganglion cell 

layer ranges from 10-20 µm in the peripheral retina to 60 - 80 µm at the edge of the macula.1 

Retinal ganglion cells are absent at the fovea and optic nerve head.11  Ganglion cell density 

varies depending on retinal location. The number of retinal ganglion cells in the nasal retina is 

300% greater than corresponding eccentricities in the temporal retina.15 Similarly the density 

of retinal ganglion cells is greater in the superior retina than the inferior retina by 

approximately 60%.15 Other cell types/structures in the ganglion cell layer include displaced 

amacrine cells, neuroglia, and branches of retinal vessels.1   

 

Retinal ganglion cells are classified according to their size, degree of arborisation and spread 

of dendrites, and their pattern of synaptic connection with bipolar and amacrine cells.1 There 

are three major types of retinal ganglion cells in the human retina: P, M, and K ganglion cells.    

 

P ganglion cells 

 

P ganglion cells are the most numerous type of ganglion cell accounting for approximately 

70% of all retinal ganglion cells and play an important role in the perception of colour.10 These 

cells project to the parvocellular layer of the dorsal lateral geniculate nucleus.8 P ganglion 

cells can be further classified into P1 and P2 cells.1 P1 cells occur in pairs and are either 

high-branching (a-type) or low branching (b-type).1 At the fovea, P1 ganglion cells are 

elongated measuring 8 µm x 12 µm and account for nearly 90% of retinal ganglion cells.16 

Toward the periphery P1 cells increase in size measuring up to 14 µm x 16 µm and reduce in 
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number accounting for 40% of retinal ganglion cells.16  P1 cells have the smallest dendritic 

trees covering an area of 5-7 µm at the fovea but this increases to 225 µm in the periphery.1 

P2 cells account for approximately 1% of retinal ganglion cells at the fovea where they are 

almost indistinguishable from P1 cells.1 However, in the periphery P2 cells are significantly 

larger and account for nearly 10% of retinal ganglion cells.1 The dendritic field of P2 cells 

measures 60 µm at the fovea increasing to 400 µm in the periphery.1   

 

M ganglion cells 

     

M ganglion cells are larger than P cells and are involved role in perception of form.10  These 

cells comprise 5% of retinal ganglion cells at the fovea and 20% of retinal ganglion cells in the 

periphery.1  These cells project to the magnocellular layers of the dorsal lateral geniculate 

nucleus.8 The dendritic tree is larger in M ganglion cells covering an area of 160 µm at the 

fovea.1    

 

K ganglion cells 

 

K ganglion cells are the smallest of the retinal ganglion cells.8 These cells project to the 

koniocellular layer of the dorsal lateral geniculate nucleus and are named after the Greek 

word for dust.8 These cells have a small cell body and wide but sparse dendrites.8   

 

Nerve fibre layer 

 

The retinal NFL is composed of the axons of retinal ganglion cells, neuroglia, retinal 

capillaries, and afferent (or centrifugal) fibres.8  In humans, the thickness of the NFL varies 

depending on retinal position.10 It is thickest adjacent to the superior and inferior aspects of 

the optic disc and thinnest in the retinal periphery due to the arrangement of the retinal 

ganglion cell axons.8 The human retina can be divided into temporal and nasal halves by a 

vertical line passing through the fovea.10 The temporal retina is further divided into superior 

and inferior portions by the temporal raphe which extends horizontally from the fovea to the 
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peripheral temporal retina.8 Axons from retinal ganglion cells in the foveal region project 

directly to the optic disc and form the papillomacular bundle.8 Whereas fibres temporal to the 

fovea pass above or below the papillomacular bundle thereby increasing the retinal NFL 

thickness superior and inferior to the optic disc.10 Fibres from retinal ganglion cells located 

nasal to the optic nerve head pass radially toward the optic disc.8  

 

Retinal ganglion cell axons are arranged in bundles separated by Müller cells.10 The diameter 

of individual axons varies between 0.6 µm and 2.0 µm.1 The axons contain microtubules, 

mitochondria, and smooth endoplasmic reticulum and exhibit bidirectional axoplasmic flow.1 

The speed of this axoplasmic flow ranges from 0.5 - 5 mm/day for large proteins to 10 - 2000 

mm/day for molecules involved in synaptic function.1 The axons are unmyelinated until they 

pass through the lamina cribrosa.2 

 

Afferent or centrifugal fibres originate in the central nervous system and terminate in the inner 

plexiform or the innermost part of the inner nuclear layer.1 These fibres synapse with 

amacrine cells or capillary walls and have vasomotor effects.1 

 

2.4 GLIAL ELEMENTS 

 

The retina contains two major classes of glial cells, macroglia and microglia.17 The two main 

types of macroglial cell in the mammalian retina are Müller cells and astrocytes. 18 However, 

in the presence of myelinated nerve fibres a third form of macroglial cell may be present.18  

 

Müller cells 

 

Müller cells are the principle glial cells of the retina.19 Unlike other regions in the central 

nervous system the retina is largely devoid of astrocytes and oligodendrocytes which are the 

predominant glial cells in the brain.20 Müller cells are radial glial cells that span the entire 

neural retina and are present in all vertebrate retinas.21 Their nuclei are located in the inner 

nuclear layer and they have a distinctive morphology that resembles epithelial cells.20 The 
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outer apical processes of Müller cells form junctional complexes with each other and 

photoreceptors resulting in the formation of the outer limiting membrane.1 At this distal end 

Müller cells contain fine microvillar extensions which project into the subretinal space 

surrounding photoreceptors, a feature analogous to the apical microvilli of epithelial cells.20 

Adjacent to the vitreous opposed Müller cell end foot processes form the inner limiting 

membrane.22  This structure corresponds to the epithelial cell basal surface.20 Lateral 

extensions from Müller cells: (1) contact and ensheath neurons; (2) form synapses with 

dendrites in the plexiform layers and with axons in the NFL; and (3) contribute to the blood-

retinal barrier through contact with blood vessels.1  

 

Müller cell development 

 

Müller cells provide structural stabilisation of the retina23 and guidance during development 

for migrating neurons and the formation of interneuronal connections.24 The layered 

arrangement of retinal neurons is created and maintained by the Müller cell network.25 Using 

a scanning electron microscope Meller and Tetzlaff demonstrated that migrating cells are 

oriented in radial cords and hypothesised that Müller cells provide a scaffold for the migration 

of neuronal elements.24 Furthermore, Willbond selectively damaged Müller cells in the 

developing chick retina with gliotoxin dl-α-aminoadipic acid and observed destabilisation of 

the columnar organisation.26 Additionally, Müller cells have been shown to be the preferred 

substrate for in vitro neurite extension by rod photoreceptors.27  

 

Energy metabolism 

 

The metabolic demands of the retina are high.28 Unlike phototransduction, the energy 

required for neurotransmission through the retina is supplied almost exclusively through 

glycolysis.29 Müller cells are the predominant stores of glycogen in the vertebrate retina and 

are necessary to meet the carbohydrate requirements of columnar neurons which they 

ensheath.30 In comparison extracolumnar neurons such as cones, horizontal cells, ganglion 

cells, and some amacrine cells have their own glycogen stores.31 Following retinal ischaemia 
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induced by high intraocular pressure, glycogen levels in Müller cells fall rapidly and are 

absent by 45-60 minutes.32   

 

The energy for phototransduction is provided almost exclusively by oxidative metabolism.29 

Müller cells metabolise glucose to lactate which is preferentially taken up by photoreceptors 

for oxidative metabolism.33 Selective death of Müller cells leads to photoreceptor apoptosis, 

retinal degeneration, and proliferation of the RPE.34  

 

Potassium homeostasis 

 

An important role of Müller cells is the regulation of extracellular potassium and the 

maintenance of homeostasis. Müller cells are highly permeable to potassium due to the 

presence of large numbers of inward-rectifying potassium channels.35 Excess potassium 

released by active neurons is redistributed via Müller cells to various sinks including the 

vitreous, blood vessels, and the subretinal space.36 This redistribution occurs through a 

process of spatial-buffering.19 Active neurons release potassium into the plexiform layers 

which is then removed from the extracellular space by a potassium-siphoning current flow in 

the Müller cell.19 Excess potassium entering the cell causes depolarisation which drives out 

an equal amount of potassium from other cell regions.19 In this way potassium is redistributed 

from areas of high concentration to low concentration.19 Changes in extracellular potassium 

may also exert a signalling function on Müller cells.19 Increases in extracellular potassium 

have been shown to stimulate Müller cells to undergo glycogenolysis, thus providing 

metabolic support for surrounding cells.19    

 

Neurotransmitter reuptake 

 

Müller cells are critical for neurotransmitter reuptake and the termination of light-evoked 

activity in retinal ganglion cells.37 Müller cells, and to a lesser extent retinal astrocytes, rapidly 

take up glutamate released by retinal neurons.38 Once absorbed, glutamate is converted to 

the less toxic substance glutamine.39 The main pathway for glutamine synthesis is dependent 
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on a Müller cell specific enzyme - glutamine synthetase. This enzyme metabolises the 

neurotoxic substances glutamate and ammonia to glutamine and glutathione.39 Glutamine is 

then transferred to neurons where it is a precursor for neuronal glutamate synthesis.40 

Inhibition of glutamine synthetase results in a rapid decrease in neuronal glutamate and 

impairment of the retinal response to light.41 The uptake of glutamate by Müller cells is 

essential for reducing synaptic noise and preventing glutamate excitotoxicity. This process 

primarily occurs through glutamate-aspartate transporters (GLAST).42 Following retinal 

ischaemia-reperfusion injury there is a marked increase in GLAST mRNA expression in the 

inner nuclear layer suggesting that Müller cell-associated GLAST plays an important role in 

the regulation of glutamate, especially under ischaemic conditions.42  

 

In addition, Müller cells posses high-affinity uptake carriers for gamma-aminobutyric acid 

(GABA).43  Muller cells actively take up GABA and metabolise it via the action of the enzyme 

GABA-transaminase.44   

 

Control of retinal blood flow 

 

Retinal blood vessels are almost entirely surrounded by the end-foot processes of Müller cells 

that release potassium,45 acid equivalents,46 and nitric oxide47 when Müller cells depolarise. 

Like the cerebral circulation, retinal blood flow increases in response to increased neuronal 

activity.48 One of the key regulators of vascular tone is nitric oxide.49 There are three sources 

of nitric oxide - neuronal (nNOS), endothelial (eNOS), and an inducible isoform (iNOS).49 The 

latter is not expressed under normal conditions but is upregulated by a wide variety of 

stimuli.50 In the retina iNOS activity has been detected in Müller cells51 and is increased in 

inflammatory52 and ischaemic conditions.53 Following transient retinal ischaemia levels of 

iNOS mRNA increase markedly and peak at 12 hours following ischaemia.53 Evidence 

suggests that nitric oxide may be a potential mediatory of retinal ganglion cell death in 

glaucoma and other neurodegenerative diseases.54   
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In addition to nitric oxide, potassium and hydrogen may modulate vascular tone.20 Müller cell 

depolarisation results in an increase in potassium efflux which in turn causes smooth muscle 

hyperpolarisation through the Na+/K+ ATPase.55 Müller cells also play an important role in 

acid/base homeostasis. These cells posses several acid/base transport systems including a 

Na+/HCO3
- contransporter,56 a Cl-/HCO3

- anion exchanger,57 and a Na+/H+ exchanger.56 Müller 

cell depolarisation results in a decrease in pH that impairs smooth muscle calcium channels 

leading to vasodilation and increased blood flow.20 

 

Carbon dioxide 

 

Carbon dioxide is released from active neurons, particularly photoreceptors in scotopic or low 

light level conditions.21, 44, 58 Müller cells take up carbon dioxide and through the action of the 

enzyme carbonic anhydrase and convert carbon dioxide to carbonic acid.59 This results in 

intracellular acidification of Müller cells and may modulate several pH dependent functions of 

the Müller cell including carrier-mediated glutamate uptake, acid-base transport, and gap 

junction coupling.21, 60  

 

Reactive gliosis 

 

In response to retinal injury Müller cells undergo reactive gliosis.61 This process is believed to 

be important for neuronal survival and is characterised by cell proliferation,62 hypertrophy,63 

and the upregulation of the intermediate filaments vimentin and glial fibrillary acid protein 

(GFAP).22 However, in certain circumstances this response may be harmful and accelerate 

neuronal degeneration.64 

 

Compared to retinal neurons, Müller cells are more resistant to injury from ischaemia, 

hypoxia, or hypoglycaemia.65 Müller cells almost exclusively obtain their energy via glycolysis 

and have a low rate of oxygen consumption.66 This metabolic pattern may spare oxygen for 

neurons, particularly in the inner nuclear and ganglion cell layers.66 Additionally, Müller cells 
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can mitigate the effects of hypoglycaemia by utilising other energy substrates such as lactate, 

glutamate, and glutamine.66  

In addition to cell proliferation and hypertrophy, Müller cells undergo a number of 

morphological changes. In reactive gliosis the cell body becomes more rounded, fine 

processes are retracted or lost, the distal processes become more tubular, and the endfeet 

become enlarged.67 The Müller cell nucleus may also become displaced from the inner 

nuclear layer to the outer nuclear layer.67 At a microstructural level there is an increase in the 

number of glycogen granules, Golgi cisternae, and rough endoplasmic reticulum.67  

 

Reactive gliosis is also associated with an increase in intermediate filament content.68 Under 

normal physiological conditions vimentin is the only filament present in Müller cells and GFAP 

is undetectable, or expressed at very low levels.68 Following retinal injury Müller cells 

upregulate the expression of GFAP. This is an early sign of retinal injury and is observed in a 

wide variety of conditions including elevation of intraocular pressure,69 glaucoma,22  retinal 

ischaemia,70 and retinal detachment.71 Increased GFAP expression is the result of 

transcriptional activation of the GFAP gene.72 Neuronal loss is not a prerequisite for increased 

GFAP expression,67   however increased GFAP expression has been observed to correlate 

with neuronal death in an optic nerve crush model.73   

 

Reactive gliosis is a component of the complex series of events that follows retinal injury 

including microglial activation, breakdown of the blood retinal barrier, and migration of 

macrophages and lymphocytes into the retinal tissue.23 The exact function of reactive gliosis 

however is not well understood.67  Possible functions include: restoration of the blood retinal 

barrier through scar formation; stabilisation of Müller-cell contacts with the RPE; or release of 

cytokines and neurotrophic factors that promote neuronal survival.67  

 

Astrocytes 

 

Astrocytes are the second major form of retinal macroglial cell.17 Unlike Müller cells which 

span the entire thickness of the retina, astrocytes are confined to the NFL.74 These cells are 
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present only in vascularised retinas, suggesting that they are closely related to blood vessel 

structure and function.58, 75, 76 Astrocytes contribute to the glial limitans lining blood vessels,77, 

78 modulate the differentiation of vascular endothelial cells,79 and are involved in the formation 

and preservation of the blood-retinal barrier.80 Other postulated functions of astrocytes 

include nutritional and structural support, maintenance of extracellular ion homeostasis, 

neurotransmitter metabolism, and maintenance of synaptic efficiency.81-83 Astrocytes also 

contribute to the formation of the internal limiting membrane which separates the retina from 

the vitreous.84 Following injury there are dramatic alterations in the distribution and functional 

properties of glial cells in both the retina and optic nerve which may be both protective and 

harmful.85   

 

Astrocyte development 

 

The ontogenesis of retinal astrocytes is poorly understood. Based on the strong correlation 

between astrocytes and the presence of retinal vessels, Stone and Dreher proposed that 

retinal astrocytes are immigrants from the optic nerve that enter the retina with its 

vasculature.76  This hypothesis has been supported by studies that have examined the 

presence of astrocytes in developing retinas. Using antibodies against GFAP to identify 

astrocytes, Watanabe and Raff detected astrocytes near the optic nerve head in Sprague-

Dawley rats between embryonic day 18 and 19.86 This is consistent with other investigators 

who have found that at birth astrocytes are only detectable close to the optic nerve head in 

the rat.87, 88 At postnatal day 3, astrocytes are present 1.7 mm from the optic nerve head and 

by postnatal day 9 are detectable in the retinal periphery.88 However, these studies do not 

exclude the possibility that astrocytes are present throughout the entire retina at birth, but 

only become detectable after birth.58 Once present in the retina, astrocyte processes extend 

parallel to ganglion cell axons in the NFL.88 However, the presence of intact axons is not a 

prerequisite for astrocyte migration.89 Astrocytes have been observed to develop normally in 

retinas where axon bundles have degenerated secondary to an optic nerve lesion.89 

Furthermore, astrocytes will spread normally in retinas of animals exposed to 70-80% 
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oxygen, which prevents the formation of blood vessels, suggesting that their spread does not 

depend on the presence of patent blood vessels.89  

 

The progenitor cell(s) of retinal astrocytes continue to be elucidated.90 In the rat optic nerve, 

astrocytes are derived from two distinct lineages.91 There are three distinct types of 

differentiated macroglial cells in the rat optic nerve - type 1 astrocytes, type 2 astrocytes, and 

oligodendrocytes.17 Using cultures of neonatal rat optic nerve, Raff demonstrated that one cell 

lineage gives rise to type 1 astrocytes while the other gives rise to type 2 astrocytes and 

oligodendrocytes.91 The two cell lineages diverge as early as embryonic day 17.91 However, 

because the retina of most mammals do not contain myelin, it is likely that retinal astrocytes 

are derived from only one progenitor cell.58 Chu et al. identified the existence astrocyte 

precursor cells (APCs) in the human fetal retina and described four distinct stages of 

astrocyte differentiation (APCs ! immature perinatal astrocytes ! mature perinatal 

astrocytes ! adult astrocytes).92 Consistent with previous studies, Chu et al. demonstrated 

that APCs migrate into the retina from the optic nerve head and precede perinatal 

astrocytes.92  Although arising from a common precursor, retinal astrocytes are distinct from 

optic nerve astrocytes and represent a separate astrocyte lineage.93  The factors which 

control this process continue to be identified. However, platelet derived growth factor A 

(PDGFA) appears to be important.94 PDGFA is expressed by retinal ganglion cells and 

inhibits retinal astrocyte proliferation.94 Therefore the number of astrocytes matches retinal 

ganglion cell numbers.94  

 

Astrocyte location, morphology, and distribution 

 

Astrocytes are predominantly located in the retinal NFL and ganglion cell layer of most 

mammals.58, 74, 75, 77, 78, 84, 95-100 The morphology of astrocytes in the NFL varies depending on 

retinal location.96 Near the optic disc these cells are elongated in appearance but gradually 

become stellate or star-shaped toward the retinal periphery.96   In comparison astrocytes in 

the ganglion cell layer are star-shaped throughout the retina.96 The processes of elongated 

astrocytes form densely packed bundles that are colocalised and run parallel with axon 
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bundles in the NFL; with individual astrocytes forming contacts with several axon bundles.77 

The cell bodies of these astrocytes lying between nerve fibre bundles.74 In contrast, the 

processes of astrocytes in the ganglion cell layer form a honeycomb-shaped plexus that does 

not invest ganglion cell somas.76  Towards the fovea, the morphology of astrocytes changes 

dramatically.96 In the perifoveal region astrocytes are irregular with heavily branched 

processes, sometimes ending in knob-like structures.96   

 

Ultrastructually astrocytes have a relatively dark nucleus with abundant chromatin and 

heterochromatin accumulations.84 The cytoplasm of astrocytes contains various organelles 

including rough endoplasmic reticulum, free ribosomes, mitochondria, Golgi apparatus, 

glycogen particles, and dense packs of intermediate filaments.84 Astrocytes can be 

differentiated from Müller cells because the latter exhibit marked electron density due to 

abundant filamentous material and glycogen particles.84 In comparison, images of astrocytes 

are lighter because these cells contain fewer filaments and less glycogen than Müller cells.84  

 

The distribution of astrocytes varies according to retinal location or eccentricity.  The density 

of astrocytes is roughly proportional to the thickness of the retinal NFL and is highest near the 

optic disc and lowest in the perifoveal region and far periphery of the retina.74 In the cat, the 

density of astrocytes near the optic disc is estimated to be approximately 2000 cells/mm2 

compared to 200 cells/mm2 in the outermost periphery.97  In the monkey, peak astrocyte 

density varies between 300 and 900 cells/mm2.96 

 

The morphology of astrocytes changes with age. Trivino et al. performed a comparative study 

of retinal astroglia in the adult human and 18 month old infant.100 Infant astrocytes showed 

intense GFAP immunoreactivity in the perikarya and possessed spindle-like enlargements in 

their processes, while adult astrocytes showed scarce immunoreactivity in the perikarya was 

and the spindle-like enlargements were not evident.100 The authors concluded that at 18 

months postnatal development retinal astrocytes are “still increasing and growing into the 

astroglial structure found in adults”.100 
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Relationship between astrocytes and the retinal vasculature 

 

Astrocytes are intimately associated with the retinal vasculature.76-78, 96, 98 There are two 

predominant patterns of contact between astrocytes and blood vessels.98 Astrocyte perikerya 

may directly contact the blood vessel wall with thick strongly GFAP-positive processes that 

envelope the blood vessel.98 Alternatively astrocytes may extend fine, weakly GFAP-positive 

processes toward the blood vessel.98 Occasionally, processes end in bulbous enlargements 

on the surface of a large blood vessel.78 However, large areas of the blood vessel walls lack 

GFAP-positive processes.98   

 

In the rat, astrocytes show a strong affinity for vessels larger than capillaries with their 

processes wrapping around the vessels.76 Near the optic disc all vessels are invested by 

astrocytes, indicating that both arteries and veins are enseathed by astrocytes.76 Most vessel-

associated astrocyte processes are confined to the NFL, however some processes penetrate 

into the inner plexiform layer and ensheath retinal capillaries.78 

 

High-resolution studies have revealed asymmetric ensheathment of blood vessels by GFAP-

positive fibres.77, 78 On the vitreal surface of blood vessels, GFAP-postive astrocyte processes 

form a meshwork while on the sclera surface processes appear bundled.78 This is consistent 

with the findings of Rungger-Brandle et al. who observed that glial filaments were more 

abundant on the vitreal side than on the sclera side.77   

 

Relationship between astrocytes and axons 

 

Astrocytes participate in the formation of neuronal and axonal sheaths.84 

Immunohistochemical studies have shown elongated astrocytes and their processes joining 

to form bundles that lie between axon bundles in the NFL.84 In horizontal sections, astrocyte 

processes can be seen to make contact with radial peripapillary capillaries located within this 

layer.84  These findings have been confirmed in electron microscopy studies. Using electron 

microscopy Ramirez et al. showed astrocyte processes lying between axons, separating them 
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into bundles.84 Where astrocytes were near a blood vessel, processes were observed to 

extend toward and ensheathe it.84   

 

Gap junction coupling 

 

Glial cells in the retina are extensively coupled by gap junctions and form a macroglial 

syncytium.101-105 This coupling is believed to be important for the regulation of extracellular 

potassium by spatial buffering,20, 106 propagation of intercellular calcium waves,107-109 and in 

glial-neuronal signalling.110, 111   

 

A number of connexin gap junction proteins have been detected on retinal astrocytes 

including connexin30,-43, -45, and -50.101, 103, 105 Using immunohistochemistry techniques and 

confocal microscopy, Zahs et al. demonstrated connexin30-immunoreactive puncta on the 

distal processes of astrocytes where they contacted blood vessels.105 In the same study, 

connexin43-immunoreactive puncta were detected along astrocyte processes in the ganglion 

cell layer and occasionally the inner plexiform layer, where astrocyte processes descended 

into this layer.105 In addition, connexin43 immunoreactivity was evident on Müller cells 

labelled with antibodies against either S100 or glutamine synthetase, particularly on Müller 

cell endfeet at the vitreal surface of the retina.105 This is consistent with an 

immunohistochemical study by Johansson et al. who detected the presence of connexin43 

labelling on GFAP-positive astrocyte processes and vimentin-positive Müller cells in the 

myelinated streak of the rabbit retina.101 In addition, Johansson et al. found that connexin43-

immunoreactive puncta were evident on the cell bodies and processes of 2’-3’-cyclic 

nucleotide phosphodiesterase-labelled oligodendrocytes.101 Connexin45 immunoreactivity 

was observed by Zahs et al. on astrocytes at the vitreal surface and Müller cells in the retinal 

ganglion cell layer.105 The presence of connexin50 mRNA and protein transcripts has been 

detected in the rat and rabbit retina using reverse transcriptase-polymerase chain reaction 

(RT-PCR) and Western blotting respectively.103  Subsequent immunohistochemistry labelling 

showed that connexin50 immunoreactivity was limited to retinal macroglia.103 The strongest 

immunolabelling was observed on astrocytes at the retinal-vitreal border and within the 
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endfeet of Müller cells, particularly on the lateral extensions of Müller cells along the ganglion 

cell and NFLs.103  

 

Gap junction coupling between retinal astrocytes, and between astrocytes and Müller cells, 

has been demonstrated by the intercellular transfer of gap junction permeant tracers.102, 104, 

106-111 Astrocytes are coupled to other astrocytes by gap junctions that pass the low molecular 

weight tracers neurobiotin and biocytin, and the larger negatively-charged tracer Lucifer 

yellow.102, 106 In the rabbit retina, Robinson et al. observed that neurobiotin and Lucifer yellow 

passed readily from astrocytes into adjacent astrocytes, oligodendrocytes, and Müller cells.102 

However, the tracers rarely passed from either oligodendrocytes or Müller cells into 

astrocytes.102 Robinson et al. concluded that this unidirectional movement of tracer implied 

the presence of an asymmetric barrier to the movement of molecules through heterologous 

gap junctions and indicated the potential for a ‘hierarchy of command’ between 

interconnected cells.102 Zahs and Newman found similar results using whole-cell patch 

recordings from astrocytes and Müller cells in the isolated rat retina.106 Lucifer yellow 

introduced into a single astrocyte spread to between two and 10 neighbouring astrocytes in 

90% of recordings.106 Injection of neurobiotin into a single astrocyte yielded similar results and 

was detected in 13 to 88 astrocytes and more than 100 Müller cells using fluorescent-

conjugated streptavidin, which binds neurobiotin.106 However, when Lucifer yellow and 

neurobiotin were injected into a single Müller cell, both tracers were confined solely to the 

injected cell.106 Functional gap junctions have also been reported between mammalian Müller 

cells.104 Zahs and Ceelen injected Lucifer yellow and neurobiotin into a Müller cell via a patch 

pipette and detected transfer into at least one additional cell in more than half of cases.104  

 

The effect of gap junction uncoupling agents has been examined.106 Octanol, halothane, and 

doxyl-stearic acid all eliminated the spread of Lucifer yellow and neurobiotin from astrocytes 

into Müller cells.106 However only doxyl-stearic acid combined with octanol eliminated the 

spread of neurobiotin between astrocytes, indicating that astrocyte-Müller coupling is more 

sensitive to uncoupling agents than astrocyte-astrocyte coupling.106 This is consistent with 

differences in homotypic and heterotypic hemichannels between astrocytes-astrocytes and 
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astrocytes-Müller cells, as well as the homomeric or heteromeric nature of the hemichannels 

themselves.104, 106 Channels formed by different connexins vary in permeability.112 In the study 

by Zahs et al. immunoreactivity for connexin30, connexin43, and connexin45 were 

colocalised with astrocyte markers, while connexins 43 and 45 cololocalised with Müller cell 

markers.105 Zahs et al. hypothesised that several patterns of expression by retinal glia could 

result in this pattern of immunoreactivity: (1) retinal astrocytes express connexin30, 

connexin43, and/or connexin45, while Muller cells express connexin43 and/or connexin45; (2) 

connexin30, connexin43, and connexin45 are localised to the Müller cell side of astrocyte-

Müller cell gap junctions; and (3) connexin43 and/or connexin45 are expressed exclusively on 

astrocytes in the retina and the immunoreactivity for these connexins that was observed on 

Müller cells is due to internalisation of heterotypic gap junctions by Müller cells.105 

 

The strength of electrical coupling between retinal glial cells has been quantified by Ceelen et 

al.109 In the CNS, including the retina, it is believed that coupling of astrocytes via gap 

junctions is important in the regulation of extracellular potassium via spatial buffering. 19 To 

determine whether coupling between astrocytes is sufficiently strong to mediate spatial 

buffering currents, Ceelen et al. performed an electrophysiological study in the acutely 

isolated rat retina.109 Simultaneous whole-cell current-clamp recordings were made from pairs 

of glial cells at the vitreal surface of the retina.109 Recordings were made from astrocyte-

astrocyte, astrocyte-Müller cell, and Müller cell-Müller cells and then two resistive models 

were used to estimate the space constants of the glial networks (the distance from the point 

of stimulation to where the voltage falls to 1/e).109  Based on these models, Ceelen et al. 

concluded that coupling between glial cells may permit the intercellular spread of ions and 

small molecules but is too weak to carry significant potassium spatial buffer currents.109 

According to Ceelen et al. the absence of significant spread to spatial buffer current between 

glial cells, despite the high degree of coupling, may be attributed to the shunting effect of the 

low resistance membranes of glial cells.109 Due to the presence of large numbers of 

potassium channels on both astrocytes and Müller cells, most spatial buffering current will 

flow out through these channels rather than spreading into neighbouring glial cells through 

gap junctions.109  However in contrast to electrical coupling, chemical coupling via gap 
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junctions is sufficiently strong to allow the passage of second messengers and thereby 

mediate the propagation of intercellular signals.108 

 

The functions of gap junction coupling between retinal astrocytes continue to be elucidated.  

In addition to a presumed role in potassium spatial buffering, gap junction coupling between 

astrocytes is believed to play a role in the propagation of intercellular calcium waves and the 

modulation of synaptic transmission in the retina.107, 108, 110   

 

Stimulation of retinal astrocytes evokes an increase in intracellular calcium that propagates 

into neighbouring glial cells.108 Rises in intracellular calcium result from the release of calcium 

from internal stores and have been reported in response to mechanical, electrical, chemical, 

and light stimuli.113, 114 Regardless of the mechanism of stimulation, calcium waves propagate 

through the glial cell network and are believed to modulate neuronal activity and influence 

information processing.107 These calcium waves can either excite or inhibit the light-evoked 

spike activity of surrounding neurons and are believed to propagate via two mechanisms: (1) 

diffusion of an internal messenger via  gap junctions, and (2) release of ATP that functions as 

an extracellular messenger.110 Between astrocytes the predominant mechanism is through 

the diffusion of an internal messenger while calcium waves propagated between Müller cells, 

or from astrocytes to Müller cells, occur primarily through the release of ATP.108 

 

There are several lines of evidence to suggest that calcium waves are propagated by the 

diffusion of an internal messenger via gap junctions. Firstly, agents that uncouple gap 

junctions such as octanol block the propagation of calcium waves.115 Secondly, blockers of 

the internal messenger inositol 1,4,5-trisphosphate (IP3) reduce the spread of calcium 

waves.116 These two results would suggest that calcium wave propagation occurs by diffusion 

of IP3 between glial cells through gap junctions.107 However, these mechanisms alone cannot 

account entirely for calcium wave propagation.107 For example, calcium waves will continue to 

propagate even when astrocytes are not in direct contact, suggesting the presence of an 

extracellular messenger system.117, 118 This extracellular messenger is believed to be ATP, 

based on three observations: (1) glial cells release ATP in association with calcium wave 
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propagation, and this release precedes the calcium wave; (2) ATP receptor antagonists block 

calcium wave propagation; and (3) substances which hydrolyse ATP significantly reduce 

calcium wave propagation.119-121 Given that agents which block ATP almost entirely abolish 

calcium wave propagation, ATP is presumed to be the principle second messenger.108 

Although astrocytes release glutamate with the calcium wave,122 glutamate is unlikely to be 

the second messenger as retinal astrocytes are relatively insensitive to glutamate.114  This is 

understandable given the presence of normally high levels of glutamate in the retina.114   

 

Astrocyte function 

 

Structural support 

 

One of the earliest proposed functions of retinal astrocytes and other glia was the provision of 

structural support and the maintenance of retinal integrity.123 This hypothesis is based on a 

number of observations and is important because the eye lacks the mechanical protection of 

the brain and spinal cord.124 Firstly, retinal astrocytes contain large quantities of intermediate 

filaments which are important for resistance to mechanical stress.58, 98, 125 Additionally, Müller 

cells contain vimentin and may express the intermediate filament GFAP following injury.126 

Furthermore, the unique arrangement of Müller cells, which span the entire neural retina, 

suggests that these cells play a role in providing structural support.124  

 

Retinal astrocytes are localised to the inner surface of the retina and form an array which is 

visible in retinal whole mounts.76, 97 However, despite the processes of astrocytes being in 

close contact, the somas of retinal astrocytes remain evenly spaced.76, 89 Chan-Ling and 

Stone termed this arrangement ‘contact spacing’ and hypothesised that retinal astrocytes 

have both adhesive properties, which keep their processes together, and repulsive properties, 

that keep their somas apart.89 Distiler et al. proposed that these interactions distribute 

astrocytes and form the basis of their structural role; suggesting that retinal astrocytes 

perform a function analogous to the internal skeleton of vertebrates or the cytoskeleton of 

cells.123  



Section I  Chapter 2 
!

 58 

 

The presence of adherent junctions between astrocytes, and between astrocytes and Muller 

cells, may also suggest an important role in the maintenance of structural 

integrity.127Adherent junctions are important for the stability of cell arrays and are abundant on 

retinal astrocytes and Müller cells.128 Lastly, the frequency of adherent junctions between 

astrocytes and Müller cells at the inner and outer limiting membranes may suggest that these 

cells are important for protecting the retina against forces such as intraocular pressure or the 

shearing forces associated with sudden eye movements.127 

 

Maintenance of the blood-retinal barrier 

 

Several lines of evidence suggest that astrocytes are important in the formation and 

maintenance of the blood-retinal barrier. Firstly, astrocytes are present in all vascularised 

retinas and are absent from retinas which lack blood vessels.129 Secondly, in retinas which 

are only partly vascularised, such as the rabbit, astrocytes are restricted to vascularised 

regions.98, 104, 130, 131 Thirdly, retinal astrocytes are believed to contribute to the formation of 

glial limitans lining blood vessels.77, 78 Fourthly, astrocytes induce barrier properties in 

vascular endothelial cells; 80 and lastly, astrocyte degeneration is associated with failure of 

the blood retinal barrier.132  

 

The role of astrocytes in the formation of the glial limitans has been extensively 

investigated.78, 88, 96, 129, 133-139 Studies of vasculogenesis have shown that astrocyte migration 

precedes the development of the retinal vasculature93 and that astrocyte processes are 

associated with both developing and well-differentiated blood vessels.138 As the capillary 

lumen opens, processes of astrocytes can be observed to contact the outer margin of the 

collagenous matrix where it is condensed to form a membrane-like layer.138 It has been 

suggested that this close proximity of astrocytes to the differentiating vascular endothelium 

means ‘astrocytes are ideally located for the induction of the blood-retinal barrier during 

development.’ 134, 138 In the developed retina, astrocytes and Müller cells have been shown to 

contribute to the glial limitans of retinal vessels using electron microscopy.128 However, it is 
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important to note that astrocytes provide only part of the glial limitans in retinal blood 

vessels.129 There are two vascular plexuses in the retina: the inner plexus, located in the 

ganglion cell layer and NFL; and the outer plexus, located at the junction of the inner nuclear 

and outer plexiform layers.127 Only the inner plexus is associated with astrocytes.95, 128, 132 The 

glial limitans of the outer plexus is formed by Müller cells, which also contribute to the glial 

limitans of the inner plexus.128   

 

The characteristics of the blood-retinal barrier are determined by the junctions between 

endothelial cells and there is evidence to suggest that astrocytes play an important role in the 

induction of barrier properties in vascular endothelial cells.80 This was examined in a study by 

Tout et al. where astrocytes and meningeal cells were cultured from the rat cerebral cortex 

and injected into the anterior chamber of the rat eye.129 These cells formed aggregates on the 

anterior surface of the iris and became associated with its vessels.129 The barrier properties 

and vascular integrity of these new vessels was examined by the intravascular injection of 

two tracers - Evans Blue and horseradish peroxidase (HRP).129 Evans Blue binds strongly to 

serum albumin and can be visualised by light microscopy.140 The distribution of Evans Blue 

after injection therefore reflects the distribution of serum albumin.141 Horseradish peroxidase 

is a tracer that can be visualised by electron microscopy to assess vascular integrity.142 Tout 

et al. found that aggregates composed of either astrocytes or Müller cells were impermeable 

to Evans Blue and HRP, while aggregates composed of meningeal cells alone were 

permeable to both tracers.129 This suggests that both astrocytes and Müller cells have the 

ability to induce the formation of barrier properties in vascular endothelial cells.143 

 

The effect of astrocyte degeneration on the blood-retinal barrier was been studied in a feline 

model of retinopathy of prematurity.132  Chan-Ling and Stone placed kittens in an environment 

containing 70-80% oxygen for 96 hours before returning them to room air.132 The authors 

found that on return to room air astrocytes degenerated while neurons survived.132 Astrocyte 

degeneration was associated with leakiness of the proliferative vasculature as assessed by 

intravascular ink perfusion, intravascular HRP perfusion followed by toludine blue 

counterstaining, or histochemical demonstration of the vasculature.144 This was followed by a 
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second wave of astrocyte migration which corresponded with resolution of vascular 

leakiness.132 These findings would suggest that the initial vascular leakiness resulted from 

degeneration of astrocytes and that astrocytes can be replaced and their functional 

relationships reestablished.132   

 

Control of blood flow 

 

In the brain, astrocytes are believed to play a role in vasodilatation in response to increased 

neuronal activity.145 This phenomenon is termed functional hyperaemia and is fundamental to 

brain function.146 It has been proposed that local arteriole dilatation in response to high 

neuronal activity depends on the activation of astrocytes by locally released 

neurotransmitters.147 To test this hypothesis Zonta et al. measured intraluminal vessel 

diameters in rat cortical slices and found that selective activation of single astrocytes via a 

patch pipette resulted in vessel relaxation.147 Furthermore, this vasodilation was found to be 

dependent on glutamate-mediated oscillations in intracellular calcium within astrocytes.147 In 

vivo blockade of these glutamate-mediated oscillations in calcium concentration within 

astrocytes reduced blood flow increases in the somatosensory cortex of anaesthetised rats 

during contralateral paw stimulation.147  

 

The mechanisms by which astrocytes mediate vasodilation continue to be explored. It has 

been identified that astrocytes release a vasorelaxing factor with properties similar to nitric 

oxide148 and that astrocytes in culture induce nitric oxide synthase in response to treatment 

with lipopolysaccharide (LPS).149 Further implicating nitric oxide as the key coupling 

compound, a study of local cerebral blood flow in cats found that intravenous administration 

of an inhibitor of nitric oxide synthase resulted in complete blockade of the hyperaemia 

association with increased neuronal activity.150  
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Maintenance of extracellular ionic environment  

 

Astrocytes, like Müller cells, are involved in the maintenance of extracellular homeostasis.151 

However, the molecular basis of this elemental homeostatic function is incompletely 

understood.152 One of the key homeostatic functions of astrocytes is the regulation of 

extracellular potassium concentration.153 During neuronal activity, potassium is released into 

the extracellular space; and in the brain, failure to remove excess potassium may lead to 

neuronal depolarisation and impaired neuronal signalling.154 In the normal CNS, the resting 

extracellular potassium concentration is approximately 3 mM; however following ischaemia, 

levels can rise to as high as 25 mM.155 Levels above 5 mM are associated with changes in 

the action potential threshold of neurons and may lead to neuronal excitability and 

compromise cell viability.156, 157  

 

Astrocytes are believed to buffer potassium via two mechanisms - net uptake of potassium 

and spatial buffering.153 Net uptake of potassium occurs through a combination of 

transporters including Na+/K+ ATPase, Na+/K+/2Cl- cotransporters, and separate K+ and Cl- 

channels.152 In comparison, spatial buffering involves the exclusive uptake of potassium and 

is in part gap junction mediated.152 Additionally, gap junction coupling may also assist in the 

net uptake of potassium by stabilising intracellular ion concentrations.158  

 

The role of gap junction coupling between astrocytes has been studied by Wallraff et al. who 

examined potassium buffering in hippocampal slices of mice with coupling-deficient 

astrocytes.152 Conditional connexin43-deficient mice were crossed with connexin30-/- mice 

and potassium buffering was measured using  potassium-selective microelectrodes.152 The 

authors used connexin30/43 double knockout mice to achieve complete disruption of 

coupling.152 Inactivation of connexin43 in astrocytes has been shown to reduce the passage 

of the gap-junction permeable tracer biocytin,159 while the addition of connexin30 deficiency 

completely abolishes gap junction coupling between astrocytes.152 Although astrocyte 

densities were unchanged between normal and coupling-deficient mice, the presence of gap 

junctions was associated with accelerated potassium clearance and limitation of potassium 
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accumulation during synchronised neuronal firing.152 However, gap junction dependent 

processes only partially account for potassium buffering.152 Mice with coupling-deficient 

astrocytes retained a large capacity for potassium clearance, indicating the presence of gap 

junction independent processes.152 

 

Neurotransmitter metabolism 

 

Astrocytes play an important role in neurotransmitter uptake and metabolism. These cells 

express high densities of glutamate transporters and are responsible for neurotransmitter 

uptake at the synaptic cleft.160 This results in rapid clearing of neurotransmitter from the 

synaptic cleft and helps terminate neurotransmitter action.161 Additionally, this process is 

believed to provide ‘synaptic insulation’ by preventing neurotransmitter spill over to nearby 

synapses.161 Once taken up, glutamate is converted to glutamine to provide a new source of 

glutamate for synaptic transmission.160 

 

Synapse formation and modulation 

 

Traditionally astrocytes were viewed as passive support cells. However, there is increasing 

evidence that astrocytes are involved in synapse formation and the regulation of synaptic 

transmission.162 In cell cultures, developing neurons require glial signals to become fully 

functional.163, 164 Pfrieger and Barres cultured retinal ganglion cells in the absence of glia and 

found that although these cells elaborated dendrites, they exhibited little synaptic activity.163 

However when cultured with astrocytes, their synaptic activity increased nearly 100-fold.163 

Whereas when cultured with fibroblasts or olidodendrocytes, there was no increase in 

synaptic activity.163 This is consistent with a study by Ullian et al. who reported that retinal 

ganglion cells form few synapses in the absence of glial cells and that the synapses that do 

form are immature.165 However, in the presence of astrocytes the number of mature, 

functional synapses increases sevenfold.165 The synapse enhancing effects of astrocytes 

persist even when there is no direct contact between astrocytes and retinal ganglion cells, 

suggesting that astrocytes secrete soluble signals.163, 165, 166 Christopherson et al. found that 
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immature but not mature astrocytes express thrombospondins-1 and -2 and that these 

proteins promote synaptogenesis in vitro and in vivo.167  These factors induce ultrastructurally 

normal synapses that are presynaptically active but postsynaptically silent, indicating that 

other factors are necessary for the formation of functional synapses.167 

 

In addition to a role in synaptogenesis, astrocytes may modulate synaptic transmission.111 It is 

now recognised that there is active and dynamic two-way communication between astrocytes 

and neurons at the synapse.111, 161, 168, 169 Neurotransmitter release from the presynaptic 

terminal of neurons may stimulate astrocytes, inducing calcium waves that lead to the release 

of neuroactive substances from astrocytes that in turn may act on the synapse - a process 

known as gliotransmission.169  Both cell culture and in vivo studies have shown that various 

neurotransmitters may evoke increases in calcium concentration within astrocytes.170-173 

Electrical stimulation of neurons may also evoke increases in astrocyte calcium concentration 

through the release of glutamate.147 Following activation, astrocytes may release 

gliotransmitters that directly stimulate the postsynaptic terminal or feedback to the presynaptic 

terminal to enhance or depress further release of neurotransmitter.111  

 

It has been reported that increases in calcium concentration result in glutamate release from 

astrocytes.174 However, it has been noted that astrocytes contain high levels of glutamine 

synthetase which degrades glutamine.169 Furthermore, astrocytes are not known to express 

any known glutamate transporters.169, 175     

 

Astrocytes may also modify synaptic transmission indirectly. This can occur in several ways. 

Firstly, astrocyte mediated alterations in extracellular ion concentration may alter synaptic 

function.161 The release of potassium from astrocytes may result in neuronal depolarisation176 

or inhibit presynaptic reuptake of glutamate.177 Alternatively, astrocytes may influence 

synaptic function through the uptake of glutamate. Decreases in glutamate uptake may 

prolong glutamate transmission or result in desensitisation to glutamate.178  
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Oligodendrocytes 

 

Oligodendrocytes are not usually present in the mammalian retina. These cells migrate from 

the brain into the optic nerve during development and are responsible for myelination of 

retinal ganglion cells axons.179 In most species myelination stops at the optic nerve/retina 

junction and oligodendrocytes are not present in the retina.180, 181 However, in approximately 

0.4% of normal humans myelination continues into the retinal NFL and oligodendrocytes are 

present within the retina.182  

 

Microglia 

 

Microglia are small cells that enter the retina from the blood stream during mid-

embryogenesis.183 In the adult retina these cells are located around blood vessels and are 

present in the NFL, ganglion cell layer, plexiform layers, and occasionally the outer nuclear 

layer.184 In response to injury, microglia become activated and phagocytose debris, carrying it 

to the vasculature where it is then removed from the retina.185, 186 

 

2.5 EPITHELIAL ELEMENTS 

 

Retinal pigment epithelium 

 

The retinal pigment epithelium (RPE)  is a monolayer of cuboidal shaped cells and is one of 

the most biologically active tissues in the body.187 It extends from the optic disc to the ora 

serrata where it is continuous with the pigmented ciliary epithelium.4 In the human, there are 

approximately 5 million pigment epithelial cells.188 These cells are hexagonal in shape when 

viewed from above and vary in size depending on retinal location.1 In the central retina, 

individual cells measure 12 - 18 µm in width and 10 - 14 µm in height; however, in the 

peripheral retina the cells become flatter and may measure 60 µm in diameter.1  Each cell 

has a recognisable apex and base.3 At the apex, microvillous processes extend to surround 

the outer segments of photoreceptors.3 The base of each cell is highly convoluted which may 
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assist in the disposal of waste products by increasing surface area.3 Near their apices, 

pigment epithelial cells have tight junctions (zonula occludens) forming a diffusion barrier 

across the epithelium.4 The retinal pigment epithelial cells are also joined by gap junctions 

(macula communicans).4 When the tight junctions are lost, fluid may leak across the RPE.4  

 

Reflecting the high metabolic activity of the RPE, pigment epithelial cells contain numerous 

organelles of synthesis and transport.3 Each cell contains multiple mitochondria in addition to 

smooth and rough endoplasmic reticulum, free ribosomes, and Golgi apparatus.3 Also found 

within they cytoplasm are pigment granules.4 Two types of pigment are present, melanin and 

lipofuscin.4 

 

Functionally, the RPE serves four main purposes. It (1) supplies the neural retina with 

nutrition in the form of glucose and essential ions; (2) protects retinal photoreceptors from 

damaging levels of light by absorbing excess radiation in melanin granules; (3) binds reactive 

oxygen species; and (4) is a transport barrier between the neural retina and the 

choriocapillaris.4, 8 

 

2.6 RETINAL BLOOD SUPPLY 

 

The complex anatomy of the retinal blood supply plays an integral role in the outcome 

following retinal ischaemia.189 The retina receives blood from both the retinal and choroidal 

circulations.3 The inner half of the neurosensory retina, to the inner third of the inner nuclear 

layer, is supplied by the retinal circulation.190 The outer half of the neurosensory retina, 

including the outer portion of the inner nuclear layer, receives nutrients, oxygen, and glucose 

by diffusion from the underlying choriocapillaris.190  

 

Retinal vasculature 

 

The main arterial supply of the inner retina, in both the human and rat, is derived from the 

central retinal artery.2, 191 The central retinal artery is the first branch of the ophthalmic artery 
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and enters the inferomedial aspect of the optic nerve.2, 191 To enter the optic nerve, the central 

retinal artery pierces the dura, arachnoid, and pia mater; and in doing so obtains a covering 

from all three.2 Near the optic disc, the central retinal artery divides into superior and inferior 

branches before dividing dichotomously into four branches in the human2 or six branches in 

the rat.191 In the human, the nasal branches pass radially to the ora while the temporal 

branches arch above and below the macula to reach the ora.2  In comparison the retinal 

vessels of the rat radiate symmetrically to the equator.191 The major arterial vessels run in the 

NFL, near the internal limiting membrane.4 These branches divide into arterioles that in turn 

give rise to a diffuse capillary network.4 This capillary network is divided into two layers: a 

superficial layer, located in the ganglion cell layer and NFL; and a deep layer, located at the 

junction of the inner nuclear and outer plexiform layers.127 These two networks are connected 

via multiple vertical runs and short vascular bridges, the latter being more abundant in the 

retinal periphery.191 Both capillary networks then drain into numerous terminal venules in the 

deep capillary network.191 However, one exception to this arrangement is at the fovea where 

there is only a single capillary layer.192  

 

Retinal arteries are end arteries. In the human, each of the four arteries supplies a single 

quadrant only and there is no overlap between quadrants.2 Similarly, there are no 

arteriovenous shunts in either the normal human or rat retina.2, 191  

 

The pattern of retinal veins is similar, although not identical to retinal arteries.2 In both the 

human and rat, retinal veins run parallel to arteries although tend to be more tortuous.3, 191 

Interestingly, where arteries and veins cross, the artery is superficial in humans while in rats 

the vein tends to lie superficial to the artery.2, 191 The central retinal vein is formed by venous 

tributaries joining at the optic disc and exits the eye through the lamina cribosa.2  

 

In addition to the retinal vasculature, the optic disc and surrounding retina receive blood from 

small anatomoses between branches of the posterior ciliary arteries, which form an 

anastomotic circle in the sclera around the optic nerve, and the central retinal artery.2 In 

approximately 50% of the population this connection is larger; forming a ciliioretinal artery.192   
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The retinal circulation has the ability to autoregulate blood flow as tissue demands or arterial 

input alter.190 Factors that mediate autoregulation are secreted by the vascular endothelium 

and include vasodilators, such as nitric oxide and prostaglandins, and vasoconstrictors such 

as endothelin.193 Stimuli that may result in the release of these vasoactive substances include 

changes in blood pressure and vessel wall stress, changes in local oxygen levels, and other 

local stimuli.193 Unlike the cerebral vasculature, retinal vessels do not have any autonomic 

innervation.194   

 

Choroidal circulation 

 

The structure and function of the choroidal circulation is very different to the retinal 

circulation.190 The retinal circulation has a small flow, a large arteriovenous difference, and 

the ability to regulate blood flow according to metabolic demand.190 In contrast, the choroidal 

circulation has a fast flow, a small arteriovenous difference, and limited ability to autoregulate 

blood flow.190 Unlike the retinal vasculature, choroidal vessels are regulated by a dense 

autonomic innervation.195  

 

The choriocapillaris is the capillary bed of the choroid and extends from the optic disc to the 

ora serrata. It is in contact with the RPE and has a very high partial pressure of oxygen 

(PO2).190 The posterior part of the choroid is supplied by the short posterior ciliary arteries 

which divide into many branches as they pierce the sclera at the optic nerve.196 Having 

entered the choroid these vessels branch dichotomously and eventually divide into the 

choriocapillaris.197 In addition, the temporal long posterior ciliary arteries supply a wedge-

shaped sector of choroid where they enter the choroid.197 The anterior part of the choroid is 

supplied by recurrent arteries which arise within the ciliary body from the major arterial circle 

of the iris, the long posterior ciliary arteries, and the anterior ciliary arteries.196, 197  
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Blood-retinal barrier 

 

The blood-retinal barrier has two components: the inner blood-retinal barrier, at the level of 

the retinal vasculature; and the outer blood-retinal barrier, at the chorioretinal interface.198  

These barriers are formed by a combination of endothelial cell specialisations, glial cells, and 

chemical factors.199 Failure of the blood-retinal barrier may result in significant impairment of 

vision.199   

 

Inner blood-retinal barrier 

The inner blood-retinal barrier separates the blood in retinal capillaries from retinal tissue.199 

The lumen of retinal capillaries is lined by endothelial cells that are structurally and 

morphologically different to the peripheral circulation.199 In the retina, endothelial cells are 

joined by tight cellular junctions composed of zonulae occludens.200 These tight junctions 

impair the paracellular transport of hydrophilic compounds.199 Furthermore, retinal endothelial 

cells do not have fenestrations.201 In addition, astrocytes play a role in maintaining low 

capillary permeability in the inner vascular plexus while Müller cells play a similar role in the 

outer vascular plexus.95, 128, 132  

 

Outer blood-retinal barrier 

 

The outer blood-retinal barrier is located at the level of the RPE and restricts the passage of 

substances between the choroid and the retina.199  Similar to retinal endothelial cells, pigment 

epithelial cells are joined by extensive zonulae occludens.199 This prevents the passage of 

large molecules while still permitting essential nutrients  to enter the retina through selective 

carrier mechanisms.199 
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3.1 INTRODUCTION 

 

The retina is one of the most metabolically active tissues in the body1 and depends on a 

regular blood supply to maintain its structural and functional integrity.2 If the retinal blood 

supply is interrupted, or inadequate to meet metabolic demands, retinal ischaemia ensues.3 

This results in oxygen and substrate deprivation and an inability to remove waste products.4 

Together, these processes lower homeostatic responses and with time may result in retinal 

damage.3 However, the exact pathophysiology of neuronal death in retinal ischaemia remains 

to be elucidated. The purpose of this section is to provide a comprehensive and critical review 

of the current state of knowledge regarding the response of the retina to ischaemia. A better 

understanding of this process may enable the identification of novel therapeutic targets to 

help prevent neuronal death and subsequent visual loss. 

 

3.2 DISEASES ASSOCIATED WITH RETINAL ISCHAEMIA 

 

Retinal ischaemia is a common and important cause of visual impairment and blindness.3 It is 

the underlying mechanism in a number of sight-threatening conditions including central retinal 

artery occlusion, ischaemic central retinal vein occlusion, and ocular ischaemic syndrome.2 

Retinal ischaemia has also been implicated in the development of glaucoma5-14 and diabetic 

retinopathy,15 two of the leading causes of blindness worldwide.16-18  

 

Central retinal artery occlusion 

 

Central retinal artery occlusion produces sudden, catastrophic visual loss and is a true 

ophthalmic emergency where every minute increases the chance of permanent vision loss.19 

Based on studies in primates it is estimated that irreversible retinal damage occurs after 105 

minutes of ischaemia.20 The mean age of presentation is in the seventh decade of life and 

there is a slight male preponderance.21 Central retinal artery occlusion is most commonly 

caused by atherosclerotic-related thrombosis at the level of the lamina cribosa22 and is 

associated with advanced age, hypertension, ischaemic heart disease, cerebrovascular 
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accidents, diabetes mellitus, and smoking.21 However, emboli are responsible for 

approximately 20% of cases.23 Although the rates attributable to emboli vary between 

authors.24 In younger patients central retinal artery occlusion may be caused by 

thrombophilias25 or systemic inflammatory disorders.22 Patients typically present with sudden, 

painless, and profound vision loss in one eye.26 On examination there is a relative afferent 

pupillary defect and fundoscopy reveals retinal opacity at the posterior pole, cherry-red spot, 

box-carring, retinal arterial attenuation, and optic disc oedema.27 In the absence of a 

cilioretinal artery, the visual prognosis is poor.28 Treatment options are limited and generally 

ineffective.29   

 

 

Figure 3.1 Central retinal artery occlusion showing attenuation of arteries and veins with 

segmentation of the blood column (box-carring), extensive retinalopacification, and a cherry-

red spot at the fovea. (Adapted from Kanski, J. Clinical ophthalmology: a systematic 

approach. 7th Ed, Edinburgh: Elsevier Saunders, 2011.) 
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Central retinal vein occlusion 

 

Central retinal vein occlusion is one of the most common causes of visual loss.30 The 

prevalence of retinal venous occlusive disease increases exponentially with age, affecting 

0.1% to 0.4% of people over the age of 40 years31 and 4.6% of people 80 years and older.32 

The risk factors for venous occlusion are similar to arterial disease and include hypertension, 

ischaemic heart disease, and diabetes mellitus.33 In addition, elevated intraocular pressure is 

a risk factor for the development of central retinal vein occlusion.33 Similar to central retinal 

artery occlusion, younger patients may have an underlying coagulopathy or systemic 

inflammatory condition, however the majority are in good health.34 Central retinal vein 

occlusion can be categorised as nonischaemic or ischaemic, based on visual acuity, visual 

fields, presence of a relative afferent pupillary defect, ophthalmoscopy, and fluorescein 

angiography.35 Patients with ischaemic central retinal vein occlusion present with profound 

vision loss, extensive retinal haemorrhages, cotton-wool spots, presence of relative afferent 

pupillary defect, poor perfusion of retina on fluorescein angiography, and severe 

electroretinographic changes.36, 37 The major causes of visual morbidity and blindness are the 

development of persistent macular oedema, macular ischaemia, and neovascular 

glaucoma.30 Treatment options include intravitreal anti-vascular endothelial growth factor 

agents, intravitreal triamcinolone, and panretinal photocoagulation.30 Visual prognosis varies 

and is largely dependent on initial acuity.38 Patients with a poor acuity at presentation (<6/60) 

had an 80% chance of having a visual acuity less than 6/60 at 3 years.38 There is therefore a 

significant need to identify new therapeutic targets for the treatment of ischaemic central 

retinal vein occlusion.  
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Figure 3.2 Central retinal vein occlusion showing extensive intraretinal haemorrhage and 

cotton wool spots. (Adapted from Kanski, J. Clinical ophthalmology: a systematic approach. 

7th Ed, Edinburgh: Elsevier Saunders, 2011.) 

 

Ocular ischaemic syndrome 

 

Ocular ischaemic syndrome is a progressive disorder caused by chronic hypoperfusion of the 

eye and orbit, most commonly secondary to ipsilateral internal carotid or ophthalmic artery 

occlusion.39 It is estimated that 5% of patients with marked carotid artery stenosis present 

with ocular ischaemic syndrome.40 Rarely, the condition may result from arterial obstruction 

secondary to Takayasu’s arteritis.41, 42 There are a wide range of clinical presentations 

however most patients present with gradual, or occasionally acute, vision loss.43 At 

presentation 50% of patients have a visual acuity of counting fingers or worse.43 Examination 

findings include neovascularisation of the iris, narrowed retinal arteries, dilated but not 

tortuous retinal veins, mid-peripheral haemorrhages, and posterior segment 

neovascularisation.44, 45 The visual prognosis is generally poor and the effect of treatment 

uncertain.46 In a review of 52 consecutive cases, Sivalingam et al did not demonstrate any 

convincing evidence that carotid endarterectomy or superficial temporal artery to middle 
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cerebral artery bypass were of benefit in stabilising or improving vision in patients with ocular 

ischaemic syndrome.46    

 

 

Figure 3.3 Angiogram showing severe stenosis of the right internal carotid artery. (Adapted 

from Kanski, J. Signs in ophthalmology: causes and differential diagnosis. Elsevier health 

sciences, 2010.)  

 

Glaucoma 

 

Glaucoma is the second leading cause of blindness worldwide and is estimated to affect more 

than 65 million people.18, 47 However, despite its prevalence, the aetiology of glaucoma 

remains unknown.9 There are two principle theories describing the pathogenesis of glaucoma 

- the mechanical theory and the vascular theory.48 According to the mechanical theory, high 

intraocular pressure leads to direct compression/shearing of axons at the lamina cribrosa 

resulting in retinal ganglion cell death from impediment of axoplasmic transport and 
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deprivation of neurotrophic factors.6 However, there is emerging evidence implicating 

ischaemia in the pathogenesis of glaucoma.5-11, 14, 49 According to the vascular theory, a 

disturbance of blood supply leads to tissue ischaemia and cell death.49   

 

 

Figure 3.4 Glaucomatous optic neuropathy. (Adapted from Kanski, J. Signs in 

ophthalmology: causes and differential diagnosis. Elsevier health sciences, 2010.) 

 

Increased intraocular pressure is the primary risk factor for the development of glaucoma.50, 51 

However, intraocular pressure alone cannot account entirely for the development of 

glaucoma. Several lines of evidence suggest that factors independent of intraocular pressure 

are involved in the initiation and progression of glaucoma. The existence of normal tension 

glaucoma, where individuals with normal intraocular pressure develop glaucomatous 

changes, indicates a critical role for other factors.8 Furthermore, the majority of patients with 

ocular hypertension do not develop glaucoma in spite of elevated intraocular pressures.52 

Taken together, it is evident that raised intraocular pressure is neither necessary nor sufficient 

for the development of glaucoma. 

 

Additional evidence supporting the existence of pressure-independent mechanisms comes 

from studies showing that reducing intraocular pressure is not effective in reducing the risk of 

progression in a significant proportion of patients. In the Early Manifest Glaucoma Trial, 45% 

of patients on treatment progressed despite achieving a mean intraocular pressure reduction 
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of 25%.53 Even with tight intraocular pressure control a certain proportion of patients may 

progress. In the Advanced Glaucoma Interventional Study subgroup analyses were 

performed according to the degree of intraocular pressure control.54 In the group who 

achieved the tightest control, 14.4% of patients still progressed despite all intraocular 

pressure measurements being below 18 mmHg.54 The most striking evidence however comes 

from a meta-analysis of glaucoma progression studies performed in the last 7 decades.55  

The authors found that 550 of 971 patients, or 57%, showed evidence of progression.55 It is 

therefore important that we identify other mechanisms in addition to intraocular pressure.  

 

There is an increasing body of evidence implicating ocular blood flow disturbances in the 

pathogenesis of glaucoma.10 It has been identified that patients with glaucoma have reduced 

ocular perfusion at the optic nerve head,56-61 choroid,62 and retina.60, 63-65 Whether these 

changes are primary or secondary to raised intraocular pressure is unknown.10 Although the 

fact that reductions in blood flow precede the development of damage66 would indicate that 

they are, at least partially, primary.  In addition, Oku et al. demonstrated that optic nerve head 

ischaemia induced by endothelin-1 caused optic nerve head cupping without a change in 

intraocular pressure.67  

 

Further evidence implicating an association between ischaemia and glaucoma comes from 

studies showing that patients with glaucoma have a higher incidence of cerebral and 

peripheral vascular disorders than the general population. Magnetic resonance imaging 

studies have found higher rates of cerebral ischaemia68 and infarcts69 in glaucoma patients. 

Additionally, patients with normal-tension glaucoma are more prone to vasospastic conditions 

such as migraine70, 71 and Raynaud phenomenon.72 Glaucoma patients also exhibit greater 

sensitivity to the vasoconstrictor endothelin-1 and have been found to have increased 

aqueous humour and plasma levels of endothelin-1 compared to controls.13, 73, 74 Some 

authors even suggest that glaucoma may be part of a larger vascular dysregulation 

syndrome.14, 49     
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A number of mechanisms have been suggested to explain how ischaemia may lead to 

glaucoma including: vasospasm; impaired autoregulation and decreased perfusion pressure; 

and ischaemia/reperfusion injury.10, 49  

 

Arterial constriction (vasospasm) may compromise ocular blood flow leading to 

glaucomatous-like field defects.75 This is more common in patients with primary vasospastic 

syndrome. This syndrome typically affects females and is characterised by cold hands and 

feet,76 normal or low body mass index,77 low blood pressure,78 reduced thirst,79 and a 

tendency to suffer migraines.80 The pathogenesis is unknown but the condition may represent 

an increased sensitivity to circulating endothelin-1.81 The visual field defects may improve 

with calcium channel blockers76 and carbon-dioxide breathing;82 further implicating ocular 

vasospasm in the pathogenesis of the field defects. Patients with primary vasospastic 

syndrome are at risk of developing glaucomatous damage and vasospasms appear to be 

associated with progression.83  

 

Another postulated mechanism linking ischaemia and glaucoma is the loss of autoregulation 

and reduced perfusion pressure. In health, ocular perfusion remains relatively constant 

despite changes in intraocular pressure and blood pressure.49 However, in glaucoma these 

autoregulatory mechanisms may be lost making ocular perfusion vulnerable to rises in 

intraocular pressure or falls in systemic blood pressure.84 This may result in ischaemia that 

may contribute to the development of glaucoma.8 This is supported by studies showing that 

systemic hypotension is a potent risk factor for the development of glaucoma.85 Furthermore, 

patients who progress exhibit weaker autoregulation than those who do not.86 In addition to 

non-invasive studies showing reduced ocular perfusion,56-61 there is immunohistochemical 

evidence of hypoxia in the retina and optic nerve head of patients with glaucoma.87 Using 

immunohistochemical techniques, Tezel et al. demonstrated increased immunostaining for 

hypoxia-inducible factor 1-alpha in the retina and optic nerve head of glaucomatous donor 

eyes compared with control eyes.87  
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Evidence is accumulating that ischaemia/reperfusion injury may be one of the underlying 

mechanisms in the development of glaucoma. Experimentally, retinal ischaemia/reperfusion 

injury leads to thinning of the inner retina which histologically bears a striking resemblance to 

glaucoma.6 Furthermore, retinal ganglion cells die via apoptosis in both retinal ischaemia and 

glaucoma.88 It is hypothesised that ischaemia/reperfusion may trigger apoptosis via two major 

mechanisms - glutamate excitotoxicity and neurotrophic factor deprivation.9 In 

ischaemia/reperfusion, excitatory neurotransmitters are released including glutamate.89 

Glutamate is an essential neurotransmitter that is toxic to neurons in elevated 

concentrations.90  It exerts its excitotoxic effects primarily through N-methyl-D-aspartate 

(NMDA) glutamate receptors.91 Activation of these receptors triggers an influx of extracellular 

calcium that acts as a second messenger, triggering a cascade of events that ultimately result 

in cell death via apoptosis.91  Therefore, neurons expressing NMDA receptors are particularly 

susceptible to ischaemia/reperfusion injury.6 In the retina, NMDA receptors are primarily 

expressed on ganglion cells and a subset of amacrine cells,92 which may explain the 

preferential death of these neurons in retinal ischaemia/reperfusion. 

 

In addition to glutamate excitotoxicity, retinal ischaemia/reperfusion may trigger apoptosis via 

neurotrophic factor deprivation.9 It is known that neurons depend on factors released by their 

target in the brain for normal functioning.93 Ischaemia of the optic nerve results in loss of 

energy-dependent functions and interruption of axoplasmic flow.94-96 Alternatively, increases 

in intracellular calcium concentration within ganglion cell axons as a result of ischaemia may 

disrupt axonal transport and lead to cytoskeletal breakdown.97 These neuronal changes may 

be accompanied by glial responses that may also contribute to neurotrophic factor 

deprivation.5 Astrocytes in the optic nerve head provide structural and cellular support in 

addition to contributing to the formation of the extracellular matrix.98 Following ischaemia, 

astrocytes become reactive undergoing a number of morphological and functional changes.99 

It is well documented that in experimental animals as well as humans, astrocytes are 

activated in glaucoma.100-102 These changes may alter cribrosal physiology and biochemistry, 

alter the extracellular matrix, and trigger the release of potential toxins including nitric oxide, 

tumour necrosis factor alpha, and glutamate.87, 103, 104 These changes may disrupt axonal 
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transport leading to retinal ganglion cell deprivation of neurotrophic factors including brain 

derived neurotrophic factor (BDNF) and nerve growth factor (NGF). Regardless of the 

mechanism, interruption of these factors leads to retinal ganglion cell death via apoptosis.105, 

106 

 

There is increasing evidence to suggest that glaucomatous damage may be caused by 

repeated small reperfusion injuries resulting from ocular blood flow fluctuation.107 As 

discussed, autoregulation is lost or impaired in glaucoma.84 Therefore, fluctuations in blood 

pressure, a recognised risk factor for the development of glaucoma, will result in fluctuations 

in perfusion pressure.49  This may lead to repeated small reperfusion injuries resulting in the 

production of free radicals and oxidative stress.108 The production of free radicals results from 

an interplay between axonal mitochondria and astrocytes. Following ischaemia, astrocytes 

produce increased levels of nitric oxide109-114 that combines with superoxide, produced by 

mitochondria, to form highly reactive peroxynitrate.115 Additionally, free radicals interfere with 

the reuptake of glutamate, leading to increased extracellular levels of glutamate and 

excitotoxicity.116  

 

Diabetic retinopathy 

 

Diabetic retinopathy is the leading cause of blindness among people of working age.117, 118 In 

most cases, blindness is either directly or indirectly a result of retinal ischaemia.3 Currently, 

one in every 12 people over the age of 40 with diabetes has advanced, vision threatening 

retinopathy.119 However, the burden of diabetic retinopathy is expected to increase 

substantially due to the rising prevalence of diabetes.120 Diabetic retinopathy results from 

abnormal permeability of retinal capillaries, leading to progressive ischaemia of the entire 

retina.6 In diabetic retinopathy, retinal capillaries lose the ability to regulate flow and become 

progressively permeable.121 Histologically, diabetic retinopathy shares several similarities with 

glaucoma including degeneration of the ganglion cell and nerve fibre layers, and the death of 

retinal ganglion cells via apoptosis.122 Degenerative changes in the ganglion cell layer are a 

prominent feature of diabetic retinopathy and are preceded by marked swelling of the cell 
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bodies and their processes, suggesting vulnerability of this layer to ischaemia.3 Ongoing 

ischaemia triggers the production of vasoproliferative factors, such as vascular endothelial 

growth factor (VEGF), that stimulate new vessel formation and potentially sight-threatening 

complications.123  

 

3.3 ANIMAL MODELS OF RETINAL ISCHAEMIA 

 

A number of in vivo animal models have been developed to study retinal ischaemia. These 

models can be divided into six major categories according to the mechanism used to induce 

ischaemia: (1) ligation of the central retinal artery;19, 20, 124-128 (2) carotid artery occlusion;129-138 

(3) cardiac arrest;139-141 (4) thrombotic occlusion;142-147 (5) endothelin-1 injection;148 and (6) 

elevation of intraocular pressure.96, 113, 124, 125, 145, 149-168 Less commonly employed methods 

include centrifugation and nitrogen asphyxiation.169   

 

Ligation of the central retinal artery 

 

Ligation of the central retinal artery is a common method of inducing retinal ischaemia.3 This 

technique involves placing a suture around the optic nerve, thereby ligating the posterior 

ciliary vessels. This results in complete loss of the electroretinogram b-wave and obliteration 

of the retinal vessels on fundoscopic examination.125  However this method also constricts the 

optic nerve, increases intraocular pressure due to pressure on the globe, impairs axoplasmic 

flow, and may result in axonal damage.3  For these reasons, a variation of this model has 

been described that involves ligation of the ophthalmic vessels before they enter the eye.126 

This method is technically more difficult but avoids increases in intraocular pressure and 

circumvents direct damage to retinal ganglion cell axons.128 The duration of ischaemia can be 

altered and is determined by the length of time the suture remains in place.128 However, both 

methods result in occlusion of the retinal and choroidal circulations and therefore do not 

completely replicate the pathology seen in conditions such as central retinal artery occlusion. 
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Carotid artery occlusion 

 

Retinal ischaemia may also be produced by ligation of the carotid arteries. In this model the 

degree of ischaemia is dependent on the number of vessels ligated and the duration of 

occlusion. In the rat, unilateral common carotid artery occlusion produces only subtle retinal 

changes; while bilateral common carotid occlusion causes moderate retinal ischaemia 

resulting in the loss of retinal ganglion cells and optic nerve degeneration if prolonged.132-135  

Although other authors have shown that prolonged bilateral carotid artery occlusion induces 

only eletrophysiological and immunohistochemical changes without causing histological 

damage.130 Therefore unlike vascular ligation of the central retinal artery, carotid artery 

occlusion produces less acute and severe ischaemia, thereby mimicking conditions such as 

carotid artery stenosis.129  

 

In addition to inducing retinal ischaemia, carotid artery occlusion results in a significant 

reduction in cerebral blood flow. In a study by Otori et al. bilateral common carotid artery 

occlusion depressed cerebral blood flow by 40-50% for at least one week after injury.170 For 

this reason, bilateral common carotid artery occlusion is only possible in animals with 

vertebral arteries. For example, bilateral common carotid artery occlusion in the gerbil is 

fatal.171 Similarly, prolonged bilateral common carotid artery occlusion combined with bilateral 

vertebral artery occlusion is generally fatal in the rat.172 The primary drawback with this model 

is that it is not possible to distinguish neuronal cell death in the retina caused by retinal 

ischaemia from retrograde degeneration caused by cerebral ischaemia.132 Other 

disadvantages include the need for invasive surgery and variability in the degree of injury 

between animals.125, 134  

    

Cardiac arrest 

 

Cardiac arrest has been used to study the effects of retinal ischaemia. This is because post-

cardiac arrest conditions are comparable to those induced by complete section of all vessels 

supplying the eye.141 Fehér and Antal studied the effects of cardiac arrest by artificially 
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inducing pericardial tamponade in dogs for between 1 and 9 minutes.139 Irreversible changes 

were observed after 4 minutes of cardiac tamponade including mitochondrial destruction in 

ganglion cells and bipolar cells as well Müller cell oedema.139 These changes were followed 

by disintegration of the capillary endothelium and later, loss of photoreceptors.139 Johnson 

and Grierson studied the course of post-mortem changes in the rabbit retina and reported 

similar findings.141 One advantage to this technique is that it avoids any mechanical damage 

to the eye, however similar to carotid artery occlusion there is also concomitant cerebral 

ischaemia.141 Furthermore, reperfusion/recovery studies cannot be performed in post-mortem 

animals.141 

 

Thrombotic occlusion 

 

A relatively new method of inducing retinal ischaemia is via photothrombotic occlusion. In this 

technique thrombus is photochemically induced in the central retinal artery by the 

combination of intravenous injection of the photosensitive dye rose bengal and green laser 

irradiation focused on the artery.142, 143 This causes the release of active oxygen species that 

activate platelets leading to the formation of a transluminal thrombus localised at the 

irradiated part of the vessel.142, 143 In this way the model can mimic central retinal artery 

occlusion or branch retinal artery occlusion depending on which part of the artery is 

irradiated.142 However this model has several significant disadvantages: retinal damage is 

variable;142 retinal detachment is frequent;142 the injury produced resembles complete 

infarction leading to widespread retinal necrosis;173 and because capillary thrombosis occurs 

the model is permanent rather than reversible, precluding the study of post-ischaemic 

reperfusion events.147, 168 For these reasons, photothrombotic occlusion is less preferred in 

experimental studies of retinal ischaemia.125 

 

Endothelin-1 injection 

 

Transient retinal ischaemia may be induced by subconjunctival injection of endothelin-1.148 

Masuzawa et al. injected the potent vasoconstrictor endothelin-1 under the conjunctiva of the 
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eye.148 Using fluorescein isothiocynate (FITC) dextran angiography no perfusion could be 

completely observed for 5-35 minutes after injection, after which flow returned.148 This method 

avoids injury to the optic nerve as may occur with vascular ligation, but has some significant 

drawbacks. The dose of endothelin-1 used in this model is very high and if absorbed into the 

systemic circulation may result in a number of biologic and physiologic effects on other 

organs and tissues.148 However, the greatest limitation of this method is the limited length of 

ischaemia.167 Studies using high intraocular pressure-induced ischaemia have shown no 

histologic changes after 30 minutes of ischaemia.167 Further studies are needed to investigate 

the histopathologic and morphologic changes following endothelin-1 induced ischaemia 

before this model can be used to study the effects of retinal ischaemia.167 

 

Elevation of intraocular pressure 

 

The most commonly used method of inducing retinal ischaemia is by increasing the 

intraocular pressure above systolic arterial blood pressure.3 This model was first described in 

1952 by Smith and Baird who raised the intraocular pressure to 100 mmHg by “introducing 

sterile fluid into the eye, under sufficient pressure to express all the blood.”151 However from 

this description it was not apparent whether the anterior or posterior chamber was 

cannulated. This model was reinvented in 1991 by Buchi et al. who raised the intraocular 

pressure to 110 mmHg by cannulation of the anterior chamber with a 25-gauge needle 

connected to a hydrostatic pressure device containing sterile 0.9% sodium chloride.149 Using 

this model the presence of ischaemia can be confirmed by blanching of the red reflex and 

reactive hyperaemia upon removal of the needle.149   

 

Elevation of intraocular pressure above systolic arterial pressure results in obstruction of both 

the retinal and choroidal circulations; and therefore differs from central retinal artery occlusion 

in humans.149, 150 This model may be complicated by anterior chamber inflammation and 

cataract formation due to trauma to the lens during cannulation of the anterior chamber; 

however this can be avoided by performing anterior chamber puncture carefully.160 Other 

disadvantages include the possibility of mechanical damage secondary to raised intraocular 
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pressure. This was investigated by Gehlbach and Purple who compared the effects of raised 

intraocular pressure and vascular ligation.124 Using electroretinography it was shown that 

increased intraocular pressure resulted in greater functional impairment than vascular 

ligation.124 From this finding the authors suggested that ocular ischaemia caused by raised 

intraocular pressure may be complicated by a combination of ischaemic injury and pressure 

induced mechanical injury.124 However, this study used electroretinography which has been 

shown to be a poor predictor of retinal recovery.20 To address this short coming Rosenbaum 

et al. examined both histopathologic and electrophysiologic parameters in the same two 

models of transient retinal ischaemia.125 Although high intraocular pressure-induced 

ischaemia resulted in more severe histologic and functional changes at day 1, the changes 

were similar in both models at 7 days.125 This concurs with a study by Johnson and Grierson 

who found ischaemia from high intraocular pressure was identical to that in post-mortem 

tissue suggesting that the mechanical effects of pressure are minimal.141 Johnson and 

Grierson concluded that “the effects of pressure do not appear to a problem in the 

interpretation of ischaemic changes following retinal ischaemia.”141 Arguments against 

pressure-related damage to axons include: rapid onset of cell death within hours; and 

ultrastructural features characteristic of acute ischaemic injury and/or excitatory amino acid 

neurotoxicity.161   In comparison axonal interruption or deprivation of trophic substances 

causes death with a latency of days to weeks and tends to occur more sporadically.161 

Therefore this model provides an effective way of producing a reproducible injury that may be 

used to examine the responses of retinal cells and vessels to ischaemic insults.150   

 

The effects of high intraocular pressure-induced retinal ischaemia may be influenced by the 

infusate and animal species. The use of glucose as the infusate results in significant 

attenuation of retinal injury compared to sterile saline.149, 174, 175 The most likely explanation for 

this phenomenon is that elevated glucose levels cause relative preservation of ATP levels by 

anaerobic glycolysis during the period of retinal ischaemia.175 Another interesting finding is 

that albino rats are more susceptible to ischaemic damage than pigmented animals.157 The 

reason for this observation is unknown. However, it has been postulated that melanin present 
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in pigmented cells may function as an antioxidant thereby reducing free radical mediated 

damage.157 

 

The type of anaesthesia employed in animal models of retinal ischaemia appears to be of 

importance.149 Anaesthesia with pentothal is associated with vascular leakage, decreased 

post-ischaemic blood flow, and less retinal damage; therefore complicating the assessment of 

ischaemic-induced damage.176 Similarly anaesthetics that possess NMDA-receptor-

antagonising properties, such as barbiturates, may theoretically attenuate excitotoxic injury.177 

Additionally, Hughes and Henderson found that barbiturates produce cardiovascular 

depression that may hamper reflow and reduce reperfusion injury.176 Lastly, anaesthetics that 

cause hypertension require a higher intraocular pressure to achieve retinal ischaemia.150 

 

Retinal ischaemia studies have been performed in the monkey, cat, rabbit, and rat. The goal 

of the present study was to use the least costly and smallest number of animals possible, 

while achieving reproducible results relevant to human disease. There are various practical 

and scientific advantages to the use of rats.125 The rat retina is well vascularised, unlike other 

small animals such as rabbits, and is analogous to the human retina.125 The last important 

consideration is the gender of the animals. Female rats experience less damage and greater 

neurologic recovery following cerebral ischaemia.178 There is evidence from studies of 

traumatic brain injury that endogenous hormones are responsible for this neuroprotective 

effect.179 Therefore male rats were used in the present study. 

 

3.4 CHANGES FOLLOWING RETINAL ISCHAEMIA 

 

Retinal nerve fibre layer 

 

Retinal ischaemia results acutely in oedema and vacuolation of the NFL.156, 165 This is evident 

after 60 minutes of ischaemia by light microscopy and only 15 minutes of ischaemia using 

electron microscopy.156 These changes predominately affect larger fibres and are associated 

with a reduction in the number of neurotubules and neurofibrils.156 In contrast, smaller fibres 
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are relatively resistant to the effects of ischaemia and are frequently unaffected despite even 

prolonged periods of ischaemia.156  With time there is progressive thinning and degeneration 

of the retinal NFL due to neuronal atrophy.160 The degree of atrophy is dependent on the 

duration of ischaemia.160 Adachi et al. undertook histopathologic and morphometric studies of 

albino rat retina at 7 days following varying durations of high pressure-induced retinal 

ischaemia.160 After 45 minutes of ischaemia there was mild thinning and degeneration of the 

NFL and this was more evident after 60 and 90 minutes of ischaemia.160 After 120 minutes of 

ischaemia there was extensive degeneration of the NFL and most axons were replaced by 

glial tissue.160 This is consistent with a study by Shakib and Ashton who showed a great 

reduction in the number of fibres in the NFL and obvious proliferation and extension of glial 

processes after retinal ischaemia in the pig.144 Additionally, axons in the final stages of 

disintegration were almost entirely engulfed by macrophages which were typically found 

adjacent to blood vessels.144    

 

Ganglion cell layer 

 

In rodents, retinal ischaemia predominately causes neuronal cell death in the ganglion cell 

layer and inner nuclear layer.125, 128, 149, 150, 160-162, 166, 180 This selective vulnerability to 

ischaemia is important as it may provide new targets for therapeutic interventions. There is a 

large body of evidence showing that retinal ganglion cells die preferentially in glaucoma.181-184 

Experimental retinal ischaemia causes a reduction in the number of retinal ganglion cells and 

thinning of the retinal ganglion cell layer. Using a pressure-induced retinal ischaemia model in 

rats, Buchi et al. showed progressive loss of cells in the retinal ganglion cell layer with 

increasing durations of ischaemia.149 These changes were quantified by Hughes who found a 

50% reduction in the number of cells in the retinal ganglion cell layer at 2 weeks following 60 

minutes of retinal ischaemia.150 This is concordant with a study by Takahaski et al. who also 

found a reduction in the number of cells in the retinal ganglion cell layer at two weeks 

following ischaemia.165 However, these studies were unable to distinguish retinal ganglion 

cells from other cell types in the retinal ganglion cell layer such as displaced amacrine 

cells.185 To enable more accurate quantification of ganglion cell loss Osborne et al. examined 
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Thy-1 levels, a specific ganglion cell marker.159 Following 60 minutes of high-pressure 

induced ischaemia, Osborne et al. found a significant reduction in Thy-1 immunoreactivity at 7 

days, suggesting that ganglion cells are affected by ischaemia.159 

 

Retinal ganglion cells are not easily distinguishable on the basis of morphology and size 

alone.162 Furthermore, retinal ganglion cells may change their phenotype following injury 

therefore hindering their identification.165 To assist in the identification of retinal ganglion cells 

various investigators have employed retrograde labelling using FluoroGold .162 FluoroGold is 

a fluorescent tracer that is injected into the superior colliculi and dorsal lateral geniculate 

nuclei of the brain, the main targets of retinal ganglion cells.186 Retinal ganglion cells take up 

FluoroGold via retrograde axonal transport leading to intense fluorescence of the retinal 

ganglion cell soma.186  The use of retrograde labelling has enabled the in vivo quantification 

of the rate and magnitude of retinal ganglion cell loss following retinal ischaemia. Sellés-

Navarro et al. quantified retinal ganglion cell survival after transient periods of pressure-

induced ischaemia at varying survival intervals in the rat.162 Consistent with previous 

qualitative studies,150 periods of ischaemia of 30 and 45 minutes did not induce retinal 

ganglion cell death.162 Thus there appears to be a threshold or critical period of ischaemia 

that retinal ganglion cells can withstand before sustaining irreversible damage.162 However, in 

retinas subjected to 60 minutes or more of ischaemia there were diminutions in the densities 

of FluoroGold-labelled retinal ganglion cells.162 The proportion of surviving retinal ganglion 

cells decreased with longer durations of ischaemia and greater reperfusion intervals.162 

Following 60 minutes of ischaemia the percentage of surviving retinal ganglion cells was 63% 

at 7 days and this decreased to 51% and 45% at 14 and 30 days respectively.162 Following 90 

minutes of ischaemia more than 95% of retinal ganglion cells had died by 30 days.162 This is 

an important finding as it shows that retinal ganglion cell death is an ongoing process that 

continues long after the initial insult.162 This suggests that after ischaemia, a substantial 

proportion of retinal ganglion cells undergo delayed death.162 Sellés-Navarro et al. postulated 

that the damaging mechanisms induced at the time of transient ischaemia may persist for the 

entire survival interval and that in addition to the acute effects of transient ischaemia, other 

mechanisms may play a role in retinal ganglion cell death.162  The present study aims to 
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investigate gap junction communication as a possible mechanism in retinal ganglion cell 

death.  

 

The study performed by Sellés-Navarro et al. induced retinal ischaemia by raising intraocular 

pressure.   Studies have shown that chronic elevation of intraocular pressure may impair 

axonal transport, thus mimicking the effects of axotomy.95, 96 Therefore the delayed death 

observed may have been the result of pressure-induced mechanical damage to retinal 

axons.166 To address this concern Lafuente et al. used ligature of the ophthalmic vessels, a 

method that does not raise intraocular pressure and avoids direct axonal injury.166 Lafuente et 

al. showed that ligature of the ophthalmic vessels, unlike elevation of intraocular pressure, 

induces retinal ganglion cell death after 30 minutes of ischaemia.166  Retinal ganglion cell 

death began in the first 5 days after ischaemia and finished between 7 and 14 days after 

injury.166 This is surprising as ligature of the ophthalmic vessels in previous studies has 

resulted in less severe consequences on inner retina neurons than elevation of intraocular 

pressure.20, 124, 130 One possible explanation is that the method of retinal ganglion cell labelling 

used by Lafuente et al. was more sensitive because it required active retrograde transport 

unlike FluoroGold.166 The remainder of their findings however were in close corroboration with 

the previous study. For example after 60 minutes of ischaemia the percentage of surviving 

retinal ganglion cells was 69% at 7 days, decreasing to 50% and 41% at 14 and 30 days 

respectively.166 Thus confirming that retinal ganglion cell death following transient retinal 

ischaemia is an ongoing process, whose severity and duration is determined by the initial 

insult.166 
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The preceding chapters show the increasing evidence that connexin43 gap junctions and 

hemichannels strongly influence ischaemia-induced neuronal injury in the CNS. Gap junctions 

are involved in the earliest cellular responses to injury and have been identified as a potential 

neuroprotective target. However, while the contribution of connexin43 is becoming 

increasingly understood following cerebral ischaemia, its role in retinal ischaemia remains 

unknown.  

 

The retina and brain are both highly metabolically active tissues with large demands for 

metabolic substrates delivered via specialised vascular networks.1 In addition, the retinal and 

cerebral microvasculature share many morphological and physiological properties.1 Given the 

retina is part of the CNS and that transient retinal ischaemia share many similarities with 

transient cerebral ischaemia, it was hypothesised that retinal ischemia-reperfusion injury 

would lead to an increase in connexin43 expression in retinal astrocytes in association with 

glial activation. 

 

Therefore the primary objective of this thesis was to investigate the spatial and temporal 

expression of connexin43 following transient retinal ischaemia and to evaluate its relationship 

to three major pathologies: glial activation, vascular permeability, and neuronal death.  

 

To enhance the translation of this research and improve our understanding of human 

disease, the second section applied the techniques and basic science discoveries to the 

normal and disease human eye.  

 

To date there have been no reports on the distribution of connexin43 expression in the 

human retina. This knowledge is essential to evaluate and understand changes in human 

disease. This gap in the scientific knowledge was addressed in the second part of this thesis 

that aimed to characterise the pattern of connexin43 expression in the normal human retina.  

 

Lastly, having established the expression of connexin43 in the normal human retina, this 

thesis aimed to determine changes in connexin43 expression with disease. Given recent 
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reports suggesting that retinal ganglion cell death in glaucoma may result from a particular 

form of retinal ischaemia,2 the third objective of this thesis was to evaluate changes in 

connexin43 expression in the retina of eyes with glaucomatous optic neuropathy.    

 

Taken together, this series of related studies aimed to establish the pattern of connexin43 

expression in health and disease and provide the foundation for future studies into gap 

junction modulation as a potential therapeutic strategy.  
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5.1 INTRODUCTION 

 

To achieve the objectives outlined in chapter 4, a series of related scientific experiments was 

undertaken. This section describes the scientific rationale for the design of the research and 

describes the general principles, strengths, weaknesses, and alternatives of the methods 

employed.  

 

5.2 ANIMAL SPECIES 

 

Retinal ischaemia studies have been performed in the monkey,1-10 cat,11-15 dog,1 rabbit,11, 16-19 

mouse,20-23 and rat.24-44 The goal of the present study was to use the smallest number of 

animals possible, while achieving reproducible and significant results relevant to human 

disease using a cost-effective model. 

  

For any animal model, its relevance to human disease relies heavily on the comparative 

anatomy of the animal species being studied.45 It is therefore important to be cognisant of the 

morphological differences in the species being used.46 Anatomically, non-human primates are 

the most relevant models for studying human disease.47 However, the use of these animals is 

expensive and subject to special moral and ethical considerations.48 Therefore other animals 

have been used. The following section describes important differences of the animals most 

widely used in retinal ischaemia research.  

!

The gross morphology of the retinal layers is similar between species, however there are 

important differences in the number of ganglion cells and displaced amacrine cells in the 

ganglion cell layer between species.46   

 

In humans, the ganglion cell layer contains an estimated 700,000 – 1,500,000 ganglion cells 

with displaced amacrine cells accounting for 3% of the total cells in the central retina and 

nearly 80% in the far periphery.49 This is comparable to the number of ganglion cells seen in 

the primate eye: rhesus monkey, 1,550,000 ganglion cells;50 Cebus monkey 1,340,000 – 
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1,400,000 ganglion cells;51 and cynomolgus monkey, 900,000 – 1,400,000 ganglion cells.52 

The primate eye has a similar number of displaced ganglion cells. In the primate eye only 5% 

of all neurons in the central retina are amacrine cells, while in the peripheral retina displaced 

amacrine cells exceed the number of ganglion cells by a factor of 5.53  

 

In comparison, the number of ganglion cells in the cat and dog is low. The average number of 

retinal ganglion cells has been estimated to be approximately 190,000 in the cat eye54 and 

150,000 in the dog eye.55 Even after accounting for differences in eye size, the density of 

ganglion cells in both cats and dogs is low compared to humans.46 In the cat there are 

approximately 850,000 displaced amacrine cells in the ganglion layer, which is nearly five 

times the number of ganglion cells.56  

 

The rabbit retina has several anatomical differences compared to the human retina, limiting 

its applicability to human retinal ischaemia. The most significant difference is that the rabbit 

retina is avascular except for the presence of a vascular streak.46 In addition, the number of 

displaced amacrine cells in the ganglion cell layer of rabbits is lower than in humans at 

around 30%.57  

 

There are various practical and scientific advantages to the use of rats.58 The rat retina is well 

vascularised, unlike other small animals such as rabbits, and is analogous to the human 

retina.58 The total number of ganglion cells in the rat is estimated to be between 90,000 and 

120,000.59, 60 Small variations in retinal ganglion cell number have been reported between 

different strains.60, 61 However in comparison to humans, rodents have numerous displaced 

amacrine cells in the retinal ganglion cell layer.62-64 It is estimated that approximately 50% of 

cells in the rodent retinal ganglion cell layer are displaced amacrine cells.62-64   

 

The last important consideration was the gender of the animals. Female rats experience less 

damage and greater neurologic recovery following cerebral ischaemia.65 There is evidence 

from studies of traumatic brain injury that endogenous hormones are responsible for this 

neuroprotective effect.66 Therefore male rats were used in the present studies. 
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5.3 ANAESTHESIA  

 

The type of anaesthesia employed in animal models of retinal ischaemia appears to be of 

importance.39 Anaesthesia with pentothal is associated with vascular leakage, decreased 

post-ischaemic blood flow, and less retinal damage; therefore complicating the assessment of 

ischaemic-induced damage.67 Similarly anaesthetics that possess NMDA-receptor-

antagonising properties, such as barbiturates, may theoretically attenuate excitotoxic injury.68 

Additionally, Hughes and Henderson found that barbiturates produce cardiovascular 

depression that may hamper reflow and reduce reperfusion injury.67 Lastly, anaesthetics that 

cause hypertension require a higher intraocular pressure to achieve retinal ischaemia.69 To 

avoid these confounding factors animals were anaesthetised with an intraperitoneal injection 

of ketamine and medetomidine hydrochloride. 

 

5.4 TISSUE FIXATION 

 

In order to characterise the spatial and temporal changes in Connexin43 expression following 

retinal ischaemia-reperfusion injury, neuroanatomical methods were used. Neuroanatomical 

methods are procedures for studying the structural and functional organisation of the CNS.70 

These techniques have been developed and refined over the past 30 years and permit the 

visualisation of the structural organisation of neural systems.70  

 

Neuroanatomical procedures involve several steps: (1) tissue preparation and fixation, (2) 

sectioning, (3) application of sections to microscopic slides, (4) labelling and staining of 

sections, and (5) microscopic analysis.70 The following sections provide an overview of the 

methods used in this study and discusses their roles, strengths, weaknesses, and limitations.  

 

The first step common to all neuroanatomical methods is the preparation and fixation of 

tissue. Specimens can be prepared in either an unfixed or fixed state. The decision to fix 

tissue, and the choice of fixation, depends on the type of histologic analysis that is to be 
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performed.70 The type of fixative required for optimal localisation is also dependent on the 

antibody used and the antigenic site on those proteins or peptides.70  

 

Cryosections were fixed in 1% paraformaldehyde for histological, immunohistochemical, and 

TUNEL analysis. For these analyses, fixation is necessary to stabilise proteins or peptides in 

order to allow for subsequent antibody binding to the antigenic site on those proteins or 

peptides.70 Furthermore, fixation preserves the antigen in its native site and improves tissue 

morphology and facilitates sectioning.71  

 

It was important to prevent over- or under-fixation. Although lightly fixed tissue may produce 

more intense labelling, the tissue integrity and morphology may be compromised.71 

Conversely, over-fixation diminishes sensitivity and may result in false negatives due to 

alteration of the antigen of interest, antigen masking, and/or limiting the penetration of 

antibodies and reagents into the tissue.71 To achieve an optimum combination of antigen 

detection and tissue morphology, a series of experiments were conducted in which the 

concentration, duration of fixation, or both was varied and the quality of immunolabelling and 

tissue morphology assessed and graded. From these experiments it was found that fixation 

with 1% paraformaldehyde for 30 minutes yielded the best results in terms of immunolabelling 

and tissue morphology. While higher concentrations of paraformaldehyde yielded better 

tissue morphology, this was associated with decreased immunolabelling of Connexin43.  

 

Paraformaldehyde fixation may cause blebbing of the plasma membrane, vesiculation of 

intracellular membrane compartments, and other alterations in cellular morphology.72 These 

effects were minimised by ensuring the buffer matched the pH and osmolality of the 

specimen.72 Although glutaraldehyde has been shown to preserve cellular morphology better 

than paraformaldehyde alone, it was not used in this study.72 The addition of glutaraldehyde 

was found to induce autofluorescence and was associated with destruction of the antibody 

recognition sites of Connexin43.  
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To prevent freezing artefacts during the sectioning process, specimens were cryoprotected by 

infiltration of sucrose.  To reduce non-specific staining, non-specific sites were pre-blocked 

with normal animal serum.  

 

For Western blotting, tissue specimens were prepared as fresh unfixed tissue and then 

immediately frozen to permit ligand binding to occur. Furthermore, because these methods 

were designed to assess total mRNA or protein expression, not spatial localisation, 

preservation of tissue morphology was not necessary.  

 

5.5 TISSUE SECTIONING  

 

A variety of methods for sectioning tissue have been described, including frozen sectioning in 

a cryostat, frozen sectioning with a microtome, and sectioning with a vibratome.70 

 

A cryostat is a microtome housed in a freezing chamber that allows the sectioning process to 

be performed at -20°C to -30°C.70 The use of a cryostat enables specimens to be maintained 

in a frozen state during the sectioning processes, thus improving tissue morphology. A 

cryostat is essential for the sectioning of unfixed tissue and may also be used for the 

sectioning of fixed tissue, as was the case in the present studies. In the present study, 

sections were 16 μm in thickness as this yielded excellent rigidity permitting easy handling 

and transfer onto glass slides, while remaining sufficiently thin to facilitate antibody 

penetration and subsequent histological analysis.   

 

A sliding microtome is an instrument that may be used for sectioning fixed tissue.70 This 

device has a stage that provides a platform on which the specimen is held for sectioning.70 

There are several types of stages that vary according to the cooling mechanism. The simplest 

is a trough into which dry eye is placed.70 Some stages are connected to a CO2 cylinder 

which is used to generate dry ice, while others have a cooling apparatus in which coolant 

flows in order to maintain the stage in a frozen state.70 The thickness of the section is 
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determined by the histochemical procedure to be performed but is generally between 10 μm 

and 50 μm.70  

 

A vibratome is an instrument that uses a vibrating knife to cut tissue.70 The advantage of this 

device is that it makes it possible to section tissue without the need for freezing, thus avoiding 

the consequent ultrastructural damage that is only partially averted via sucrose infiltration.70 

Vibratome sectioning affords superior morphologic integrity of immunohistochemical labelling 

at the light-microscopic level.70 

 

Finally, the sections must be transferred to glass microscopic slides. Generally, microscope 

slides need to be subbed in a solution that provides some adherence for the tissue sections, 

so that they will remain affixed during subsequent histologic processing.70 In the present 

study sections were mounted on SuperFrost Plus electrostatic slides (Menzel-Gläser, 

Braunschweig, Germany). 

 

5.6 LIGHT MICROSCOPY 

 

To assess retinal and optic nerve morphology, light microscopy was performed using Mayer’s 

haematoxylin and eosin staining. Haematoxylin is a basic dye that stains acidic structures a 

purplish blue colour.73 Nuclei, ribosomes, and rough endoplasmic reticulum have a strong 

affinity for this dye due to their high DNA and RNA content.73 Eosin is an acidic dye that 

stains basic structures red or pink.73 Because most cytoplasmic proteins are basic, the 

cytoplasm usually stains pink or pinkish red.73  

 

Haematoxylin and eosin stain is the most widely used histological stain and was selected due 

to its comparative simplicity and ability to clearly demonstrate a large number of different 

tissue structures.74 The haematoxylin component stains cell nuclei blue-black and provides 

good intranuclear detail.74 In contrast, eosin stains the cell cytoplasm and most connective 

tissue fibres varying shades and intensities of pink, orange, and red.74 Haematoxylin is 

extracted from the tree Haematoxylon campechianum and must be oxidised to produce 
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haematin, a natural dye that is responsible for the purplish blue colour.74 Haematein can be 

produced through either natural or chemical oxidation.74 Although natural oxidation provides 

superior stain retention, the use of a chemical oxidizing reagent permits rapid conversion of 

haematoxylin to haematein.74 Because haematein is anionic, it has a low affinity for tissue 

and is therefore inadequate as a nuclear stain in the absence of a mordant.74 Mordants confer 

a positive charge to the resulting mordant-dye complex, allowing the dye to bind to anionic 

tissue such as nuclear chromatin.74 The type of mordant influences the type of tissues stained 

and their resultant colour.74 Common mordants include aluminium, iron, tungsten, lead, and 

molybdenum.74 The present study uses the mordant aluminium, due to its ability to produce 

good nuclear staining. Furthermore, the use of an aluminium mordant allows both progressive 

and regressive staining. In regressive staining the section is over-stained and then 

decolourised or differentiated in acid alcohol.74 In progressive staining the section is stained 

for a predetermined to time to stain the nuclei adequately while leaving the background 

relatively unstained.74 These techniques permit greater flexibility and allow for clear 

delineation of nuclear membranes and appropriately stained chromatin against an unstained 

cytoplasm. 

 

5.7 IMMUNOHISTOCHEMISTRY 

 

To permit the visualisation of specific proteins, receptors, and neurochemicals within the 

nervous system immunohistochemical methods were used.71 The following section outlines 

the general steps for performing immunohistochemistry, their purpose, and describes the 

measures taken to enhance improve the sensitivity and specificity of immunolabelling.    

 

Antibody selection. This study used commercially available monoclonal and polyclonal 

antibodies either directly conjugated to fluorochromes or in combination with labelled 

secondary antibodies to give sensitive and specific labelling.71 Where possible only antibodies 

that had been thoroughly characterised through methods such as immunoblot or 

immunoprecipitation were used in this study to ensure specificity of labelling.    
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Preparation of tissue. Prior to fixation tissue was rinsed to remove debris that may mask 

certain epitopes as a result of fixation.  

 

Fixation. The details of fixation are outlined above.  

 

Washing. After fixation, tissue samples were washed three times in phosphate-buffered 

saline to remove fixative. 

 

Permeabilisation. Permeabilisation is an optional step that can be performed separately or 

by combining detergent with an aqueous fixation step.75 Because aqueous fixation was used 

in this study, as opposed to organic solvents which extract lipids from the plasma membrane 

bilayer and therefore do not require further permeabilisation,75 samples were permeabilised 

using Triton X-100 in phosphate buffered saline.  

 

Blocking. Blocking is used to reduce non-specific binding. In this study, samples were 

blocked using normal animal serum from the species in which the secondary antibody was 

made. 

 

Primary antibody. Following fixation, cryoprotection, and sectioning the tissue is incubated 

with the primary antibody to allow binding of that antibody to the molecule of interest.71 This 

may be performed on free-floating or slide-mounted sections.71 The use of free-floating 

sections enables the processing of many sections at once but may require greater quantities 

of antibody.71 In comparison, the use of slide-mounted specimens requires only a very small 

amount of antibody but may yield less intense immunolabelling because the antibody only 

penetrates one side of the tissue.71 In this study slide-mounted specimens were used to 

minimise the amount of antibody required, thereby reducing cost while maintaining 

satisfactory images. To prevent aggregation, the antibodies were centrifuged just prior to use. 

To determine the appropriate dilution of antibody, trial experiments were conducted at, below, 

and above the recommended dilution specified by the manufacturer.   
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Wash. Following incubation with the primary antibody, samples were washed in phosphate-

buffered saline. This intermediate wash is crucial to remove free-floating primary antibody and 

reduce non-specific staining.  

 

Secondary antibody. To permit visualisation of the distribution of the antigen of interest, 

specimens were then incubated with a secondary antibody, specific for the type of animal in 

which the primary antibody was made, conjugated to a fluorophore. An alternative method of 

detection is to use an immunoperoxidase reaction involving a benzidine derivative such as 

diaminobenzidine.71 Again antibodies were centrifuged to reduce particulate background.75  

 

Final wash. To remove excess and unbound antibody, specimens were thoroughly washed 

in phosphate-buffered saline.  

 

Mounting. There are a variety of mounting mediums that can be produced or purchased. In 

the present study, specimens were mounted using the commercial mounting medium 

ProLong Gold. ProLong Gold offers a number of advantages over other mounting mediums. It 

works well with tissue and contains a hardening agent that circumvents the need for nail 

polish to secure the coverslip as is required with other mediums. Although not required, nail 

polish was used to secure the coverslip in the present study for additional security. 

Additionally, ProLong Gold contains an antifade reagent to delay fading of fluorescent dyes.    

 

Double labelling. Double-labelling immunofluorescence and confocal microscopy techniques 

allow the localisation of a protein relative to another protein and enable analysis of co-

localisation at a cellular or subcellular level.71 In comparison to conventional microscopy, 

confocal microscopy provides high-resolution analysis of co-localisation, with a theoretical 

limit of resolution of 0.1 to 0.2 μm.71  

 

Double labelling was performed by using two primary antibodies of divergent species. 

However, antibodies raised in the mouse were not used with those raised rat due for the 

potential for cross-reactivity.71 The primary antibodies were visualised with secondary 
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antibodies of appropriate species and different fluorophores, being careful to avoid overlap of 

the excitation/emission spectra.  

 

There are two basic methods for double labelling. In the first method, the first primary 

antibody and then its respective secondary antibody are processed before the second 

primary antibody and its respective secondary antibody are processed.75 This effectively 

doubles the processing time but avoids interactions between the primary antibodies.75 An 

alternative method, that was utilised in this study, is to mix the two primary antibodies and two 

secondary antibodies together.75 This method produces satisfactory results and offers 

significant time savings. It also provides an opportunity to test for specificity in preadsorption 

controls.75    

 

The optimal antibody concentrations were determined empirically using a wide concentration 

range to optimise the signal-to-noise ratio. Similarly the incubation time and temperature were 

determined using empirical methods.  

 

Controls. Sensitivity and specificity are important considerations in immunohistochemical 

studies.71 The present experiments used commercially available antibodies that have been 

have been characterised using immunoblot and immunoprecipitation techniques to confirm 

their specificity.  

 

Negative controls were performed in which the primary antibody was omitted to ensure the 

absence of non-specific staining. Because of the possibility of steric hindrance or other 

interactions between binding antibodies to closely situated epitopes,75 double-labelling 

experiments were accompanied by controls using each primary antibody separately. 
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5.8 FLUORESCENCE MICROSCOPY 

 

General principles 

!

Unlike light microscopy, fluorescence microscopy allows the selective examination of specific 

molecular structures and cell types.75 The specimen is labelled with fluorescent dyes that 

absorb light of a certain wavelength and emit light at a longer wavelength, slightly shifted 

toward the red end of the spectrum from the absorbed light.75 This phenomenon is termed 

Stokes shift and is defined as the separation of the spectral maxima of excitation and 

emission. Each fluorochrome exhibits its own specific absorption and emission spectra, 

depending on its molecular structure.75 Once labelled, the specimen is illuminated with filtered 

light of the absorbing wavelength and is viewed using a barrier filter that is opaque to the 

absorbing wavelength but which transmits the longer wavelength of the emitted light.75 Thus 

structures marked with fluorochromes are visible against a dark background.75    

 

Fluorescent probes 

!

Fluorochromes can be linked to specific antibodies and are identified and quantified by their 

absorption and fluorescence emission wavelengths and intensities.75 An important 

consideration in the selection of fluorochromes is separation of the fluorescence emission 

signal from the excitation light.75 This was achieved in the present study by choosing 

fluorescent probes with large Stokes shifts. Another consideration is the phenomenon of 

autofluorescence, where biological tissues fluoresce when illuminated with ultraviolet light.75 

This was minimised by using probes that are excited at more than 450 nm.      

 

Filters 

!

Filters for fluorescence microscopy must transmit light of the required wavelengths and block 

other light as completely as possible.75 In the present study this was achieved using 

interference filters. These consist of a sheet of glass coated with several thin layers of 
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transparent materials of different refractive indices. Interference filters have the advantage of 

much sharper cut-offs and high transmission in the selected region compared to earlier 

generation band-pass filters.75 By comparison, band-pass filters combined a filter passing 

long wavelengths with one passing short wavelengths, giving a band-pass where the 

transmission curves overlap.75  

 

The excitation filter allows only a narrow band of monochromatic light to project on the 

surface of a dichroic mirror, which functions as a chromatic beam splitter.75 The dichroic 

mirror, angled at 45 degrees to the incident light, reflects short-wavelength radiation and 

transmits longer wavelengths.75 It therefore reflects the excitation radiation and transmits 

fluorescent radiation above the cut-off wavelength to the observer.75 Above the dichroic 

mirror, an emission filter blocks the remainder of the excitation light and only allows the 

emission light to pass to form the fluorescence image against a black background.75  

 

Multiband filters 

!

To investigate the relative spatial localisation of Connexin43, multiband filters were used. 

Multiband filters share the same general components as single-colour filter sets – an 

excitation filter, a beam splitter, and an emission filter – however in each component there are 

two or more separate regions of controlled reflection and transmission.75 This permits the 

simultaneous imaging of at least two fluorescent labels and enables the detection of 

colocalisation of antigens.75 Furthermore, multi-dye filter sets permit the simultaneous use of 

nucleic acid dyes such as DAPI that stain the nucleus, further assisting intracellular 

organisation of organelles as well as organisation of cells within a tissue.75 

 

Microscope objective 

!

Because fluorescence emission is radiated in all directions it must be collected by the 

objective. The present study used high-numerical-aperture objectives as these are most 

effective for this purpose.75 A doubling of the objective aperture results in approximately four 
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times more fluorescent light being gathered.75 Additionally, immersion oil was used as this 

reduces loss of light caused by reflection on the surface of the objective front lens.75  

 

Photostability 

!

Photostability is an important concern when using fluorescent probes for imaging or making 

fluorescence measurements.75 Because exposure to light may cause photobleaching, the 

specimens were stored in the dark and only illuminated when observing or recording a signal. 

Additional measures to prevent photobleaching included using high numerical aperture 

objectives, high-speed and sensitive photo-detectors, and using a mounting medium 

containing an antifade reagent. 

 

5.9 CONFOCAL MICROSCOPY 

 

Confocal microscopy offers three major advantages over conventional fluorescence 

microscopy: (1) the elimination or reduction of out-of-focus information; (2) controllable depth 

of field; and (3) the ability to collect serial optical sections from thick specimens.  

 

In confocal microscopy the specimen is illuminated by coherent light that passes through a 

pinhole aperture that is conjugate or confocal with a scanning point on the specimen and a 

second pinhole aperture located in front of a detector. The pinhole aperture permits 

fluorescence from the illuminated spot to pass to the detector but blocks light from out-of-

focus areas.72 One of the major limitations of conventional fluorescence microscopy is that 

fluorophores away from the region of interest are illuminated and fluorescence signals are 

collected from areas above and below the plane of focus.72 In confocal microscopy the use of 

a pinhole aperture as a spatial filter eliminates or significantly reduces out-of-focus light or 

flare, resulting in dramatically increased contrast and definition.  

 

Adjustment of the pinhole diameter permits separation of the in-focus signal from the out-of-

focus background and therefore determines the thickness of the optical section.72 A point light 
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source in the plane of focus of an objective produces a three-dimensional diffraction pattern in 

the image plane.72 The cross section of this diffraction pattern in the image plane is called an 

Airy disc. The radius of the bright central region of the Airy disc is given by RAiry = 0.61 λ/NA 

where λ is the emission wavelength and NA is the numerical aperture of the objective.72 

Adjusting the pinhole diameter to slightly less than the diameter of the central region of the 

Airy disk reduces the background from out-of-focus areas by approximately 1000-fold.72 

 

Additionally, proper adjustment of the pinhole diameter produces improved lateral and axial 

resolution compared to conventional fluorescence microscopy.72 A pinhole radius of ~0.7 x 

RAiry produces near-maximal axial resolution while a pinhole diameter of less than 0.3 x RAiry 

produces optimal lateral resolution.72    

 

Optical sectioning is achieved by scanning one or more beams of light across a defined area 

of the specimen in a raster pattern controlled by two high-speed oscillating mirrors and 

collecting the fluorescence signal from each point via the pinhole aperture.72 Optical 

sectioning permits examination of relatively thick sections and is non-invasive and eliminates 

artefacts that occur during physical sectioning.   

 

Disadvantages of confocal microscopy include the limited number of excitation wavelengths 

available with common lasers. Unlike mercury or xenon-based lamps used in conventional 

fluorescence microscopy that provide a full range of excitation wavelengths, lasers used in 

confocal microscopy provide a narrow band of excitation wavelengths. Furthermore, the use 

of high-energy laser irradiation may result in more rapid photobleaching compared to 

conventional fluorescence microscopy. Lastly, the purchase and operational costs of confocal 

microscopes are significantly higher than conventional fluorescence microscopes.  

 

There are two major alternatives to confocal microscopy to produce optical sections - 

deconvolution and multiphon microscopy. Deconvolution uses computer-based algorithms to 

calculate and remove out-of-focus information from fluorescence images. Due to the 

development of faster and lower cost computers this is becoming a practical option. In 
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comparison multiphon microscopy excites the fluorochrome only at the point of focus using a 

precisely focused laser, thereby eliminating the need for a pinhole aperture at the detector. A 

benefit of this technique is that photobleaching is reduced in the specimen due to the reduced 

energy absorbed from the laser beam. 

 

5.10 WESTERN BLOTTING 

 

Western blotting is a technique used to detect and quantify specific antigens in a sample 

using monoclonal or polyclonal antibodies.101 Protein samples were solubilised in ice-cold 

phosphate buffered saline containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 

EDTA, EGTA, and a protease inhibitor. Following solubilisation, the material was separated 

by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Antigens were 

then electrophoretically transferred in a tank to a nitrocellulose membrane. Remaining binding 

sites were blocked by immersing the membrane in a blocking solution containing non-fat milk 

powder and 0.1% Tween-20 in Tris-buffered saline. The transferred proteins, bound to the 

surface of the membrane, were then identified using polyclonal antibodies against 

connexin43. After probing with the primary antibody, the membrane was washed and the 

antigen-antibody complexes identified using secondary antibodies coupled to fluorochromes. 

 

Western blotting or immunoblotting provides a rapid and sensitive method for the detection 

and characterisation of proteins using the specificity inherent in antigen-antibody 

recognition.101, 102 This technique affords several advantages over alternative methods such 

as immunoprecipitation. Immunoprecipitation is a technique that, like Western blotting, uses 

antibodies to detect and quantitate specific protein antigens in complex cellular or protein 

mixtures.103 The advantage of immunoprecipitation is that it allows antibodies to react with 

antigens in their native conformation prior to separation and quantification.103 However, 

immunoprecipitation has several inherent limitations including a requirement for radiolabelling 

of antigens and co-precipitation of tightly associated macromolecules.101 Western blotting, 

unlike immunoprecipitation, does not require radiolabelling. However, because Western 

blotting involves the electrophoretic transfer of proteins from polyacrylamide gels onto 
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membranes, sample size is limited and therefore the antigen of interest must be present at 

relative high concentrations compared to immunoprecipitation.103 Furthermore, with Western 

blotting the antigen is not normally present in its native conformation when it reacts with the 

antibody as electrophoresis is conducted in the presence of sodium dodecyl sulphate to 

maximise the resolution of the separated proteins.103 If an antibody has a low affinity for an 

antigen it may not react with it on a Western blot.103    

 

To optimise the results of Western blotting, careful attention was paid to several points. One 

of the critical features determining the success of Western blotting is the selection of an 

appropriate antibody. Because Western blotting is conducted under denaturing or reducing 

conditions which remove higher order protein structure, the antibody must recognise a linear 

sequence of amino acids that remains intact, or becomes visible, when the target protein is 

denatured.104 The present study uses a commercial antibody that has been validated for use 

in Western blotting. Furthermore, the buffer conditions specified by the manufacturer for 

optimal antibody-antigen interaction were carefully adhered to.  

 

Antibodies used to detect a target protein may be either monoclonal or polyclonal.104 

Polyclonal antibodies consist of pool of immunoglobulin molecules that bind to several 

different epitopes on a single antigen.104 In comparison, monoclonal antibodies bind to a 

single epitope within a target antigen.104 The present study uses polyclonal antibodies, which 

have both advantages and disadvantages compared to monoclonal antibodies. Because 

polyclonal antibodies identify the entire target protein via binding at multiple sites there is a 

higher likelihood of detection of the target protein.104 However, because these multiple 

epitopes may be shared by related proteins, there is a greater chance of cross-reactivity 

leading to high background compared to monoclonal antibodies.104 Lastly, although polyclonal 

antibodies are less expensive to produce initially, supply is limited to immunised animals.104 

 

Another consideration in the design of the experiment was the selection of an appropriate 

blocking agent. There are a variety of available agents to block binding sites on the 

membrane after blotting including Tween-20, non-fat milk powder, PVP, casein, BSA, and 
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serum (Harlow and Lane).101 In the present study, the combination of non-fat milk powder and 

0.1% Tween-20 in Tris-buffered saline was found to produce a clean background without the 

need for the addition of serum, which may have resulted in a loss of antigen signal. 

 

With regard to sample preparation, the present study investigated protein expression in tissue 

samples. Tissue samples display a higher degree of structure than other sources such as cell 

cultures.104 Furthermore, tissue samples contain multiple cell types which may be differentially 

responsive to lysis buffers.104 In order to release our protein of interest, higher levels of 

mechanical intervention were utilised to facilitate cellular disruption. Samples were placed in 

ice-cold extraction buffer and homogenised on ice. This technique minimises proteolysis, 

dephosphorylation and denaturation.104       

 

Following gel electrophoresis, the separated proteins were transferred to a nitrocellulose 

membrane for further analysis. Electrophoretic transfer can be accomplished using either wet 

or semi-dry systems. Although requiring longer transfer times, wet transfer is considered 

more reliable and is the preferred method for larger proteins.104 The present study used 

nitrocellulose membranes due to their excellent protein binding and retention capabilities.104 

Although these membranes lack the mechanical strength of other membranes,104 this was not 

a significant concern as there was no requirement for stripping or re-probing. 

 

Immunoblotted proteins can be detecting using either chromogenic or luminescent assays.101 

Luminescent detection methods offer a number of advantages over chromogenic assays, and 

were therefore chosen for use in present study. Compared to other methods, luminescent 

techniques offer increased sensitivity without the need for radioisotopes.101 In addition, 

luminescent detection can be completed rapidly and is semi-permanent, allowing multiple 

exposures of the sample plot.101 Furthermore, because luminescent assays are detected 

using film or a digital imaging system, the exposure can be adjusted to vary the sensitivity.101 

Luminescent blots can be easily stripped and re-probed because the reaction products are 

soluble and do not deposit on the membrane.101 Lastly, luminescent assays are easier to 

image and quantitate by densitometry compared to chromogenic development.101 
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Normalisation 

!

In order to compare gene expression between different samples, it is necessary to 

compensate for differences in the amount of starting material between samples.83, 94 This is 

especially relevant, as is the case in this study, where samples have been obtained from 

different animals.83 Failure to account for differences in the amount of biological material 

between samples will result in misinterpretation of the expression profiles of target genes.105 

Therefore, the selection of an appropriate standard was an important component of the 

experimental design in order to achieve accurate, reproducible, and biologically relevant 

results.  

 

Various normalisation procedures have been suggested using physical parameters including 

volume, mass, and cell number.106 However, due to the heterogeneity of biological samples 

these methods are both impractical and unreliable.85 Alternatively, samples may be 

normalised to commonly used reference genes such as β-actin and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH).107 However, other housekeeping gene transcripts have 

been used as internal standards including albumin, actins, tubulins, cyclophilin, hypoxanthine 

phosphoribosyltransferase (HRPT), and L32. 28S and 18S rRNAs.105 The ideal reference 

gene would be expressed at a constant level in all tissues of an organism and be unaffected 

by the experimental intervention.85 Additionally, the control should be expressed at a similar 

level to the target gene.85 However, there is considerable evidence that all genes are 

regulated to some extent under various conditions.107 

 

β-actin 

!

β-actin is a ubiquitous cytoskeleton protein and is expressed at moderately abundant levels in 

most cell types.83 Kreuzer et al. advocate for the use of β-actin as a quantitative reference 

because it exhibits only minor intra-individual kinetic changes and is not primarily affected by 
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any human disease.108, 109 However, there is evidence that β-actin levels may be altered in 

some experimental models.110, 111    

 

GAPDH 

!

GAPDH is an important enzyme in the glycolytic pathway that is constitutively expressed in 

mammalian cells.112 Due to its constant expression after experimental manipulation in some 

systems113 it is frequently used as an internal standard.83 However, like β-actin it has 

limitations.105, 114 GAPDH levels vary between individuals,115 tissues,76 with age,116 and during 

different stages in the cell cycle.117 Furthermore, many factors have been shown to alter 

GAPDH expression including raised intraocular pressure,118 oxidative stress,119 and 

hypoxia.120, 121  

 

5.11 ASSESSMENT OF BLOOD-RETINAL BARRIER BREAKDOWN 

!

To investigate blood-retinal barrier breakdown, Evans blue dye, a nonradioactive 

intravascular tracer was used. Evans blue is a tetrasodium diazo salt that binds irreversibly to 

plasma albumin in a 10:1 molar ratio.125, 126 Following breakdown of the blood-retinal barrier, 

plasma extravasates from blood vessels and the Evans blue dye-albumin complex leaks into 

surrounding tissues.127 The degree of extravasation can be quantified using florescence 

microscopy or spectrophotometry.127 Evans blue has been used in ophthalmic and vision 

science research to quantify plasma albumin leakage secondary to increased vascular 

permeability in the conjunctiva,128 ciliary body,125 choroid,129 and retina.130 An alternative to 

Evans blue dye is the isotope-dilution method using 125I- and 131I-labelled albumin tracers. 

However this method is expensive and requires the use of highly radioactive isotopes. Evans 

blue was selected for use in this study because of its safety, relative simplicity, and 

economy.127 Evans blue dye has been confirmed to be an effective alternative for blood-

retinal barrier breakdown quantification.127 Xu et al. induced blood-retinal barrier breakdown in 

rats with vascular endothelial growth factor (VEGF) or through the induction of diabetes.127 

The degree of breakdown was quantitated using Evans blue dye and compared with historical 
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data using the isotope-dilution method.127 Extravasation was detected using Evans blue dye 

in both VEGF injected and diabetic eyes and was in close accordance with published isotope-

dilution studies.127    

 

5.12 RETINAL GANGLION CELL MARKERS 

!

In this study Brn3a was used as a marker of retinal ganglion cells. Because the retinal 

ganglion cell layer contains not only retinal ganglion cells but also large numbers of displaced 

amacrine cells,63, 131, 132 it is necessary to differentiate these two types of retinal neurons. 

There are three major approaches to identifying retinal ganglion cells: (1) retrograde tracing 

with fluorescent neuronal markers; (2) immunodetection of proteins expressed by retinal 

ganglion cells; or (3) in situ hybridization to detect retinal ganglion cell-specific mRNA. 

Although available for a small number of animal species,133, 134 transgenic approaches are not 

yet a practical or commercially available option in rats.    

 

Retrograde tracing is one of the more common methods of identifying retinal ganglion cells 

and involves the application of neuronal tracers to the superior colliculi, the main targets of 

retinal ganglion cells in the brain, or the optic nerve.135, 136 The neuronal tracer is then taken 

up by axon terminals of retinal ganglion cells and is transported retrogradely to the retina.137 

Various tracers have been described and include Fluoro-Gold, Fast Blue, fluorescein dextran 

(Fluoro-Emerald), Fluoro-Ruby, and red or green fluorescent beads (RetroBeads).138 Fluoro-

Gold is the most frequently used neuronal tracer and labels 98% of retinal ganglion cells at 1 

week following application of the tracer to both superior colliculi.139 Neuronal tracers have 

been used to investigate the effects of various types of injuries to the visual pathway and 

quantify retinal ganglion cell survival.139-143 Advantages of retrograde tracing include high 

sensitivity, moderately long survival times, the ability to label dendrites, and the potential for 

multi-labelling studies by injecting two or more tracers into different parts of the brain.138 

However these advantages are offset by the need for additional, and highly invasive, surgical 

procedures under anaesthesia on the animals, expensive stereotactic equipment and 

reagents, and the need to allow sufficient time for retrograde transport.138 These surgical 
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procedures carry the potential for infection or death due to the need to drill into the rodent 

skull.137 In addition, precise injection of the neuronal tracers is required137 and retinal ganglion 

cells that do not project to the superior colliculi are not labelled and therefore under-

represented.144 Retinal ganglion cell counts may also be biased according to retinal 

eccentricity.137 Because labelling requires intact axonal transport, retrograde labelling may not 

label viable retinal ganglion cell bodies if axonal transport is impaired.137 Conversely, retinal 

ganglion cells that die immediately before harvest, but after axonal transport was complete, 

may show persistent labelling.137 While overtime neuronal tracers may be taken up by cell 

types other than retinal ganglion cells such as microglia, pericytes, and neutrophils.141 Fluoro-

Gold may also produce degeneration of axons at the injection site, be cytotoxic to cell bodies, 

and interfere with immunohistochemistry.145-147       

 

An alternative to retrograde tracing is the immunodetection of proteins specifically expressed 

by retinal ganglion cells. Such markers include Thy-1, Bex1/2, γ-synuclein, and the Brn3 

family of transcription factors.  

 

Thy-1 antigen is a glycoprotein expressed on ganglion cells, but not other neurons, of the 

rodent retina.148, 149 However its expression may change following retinal injury,150 making it 

unsuitable as a retinal ganglion cell marker in retinal ischaemia. Dabin and Barnstable 

demonstrated that following retinal ganglion cell death Thy-1 is expressed by Muller cells151 

and Neufeld showed that following retinal ischaemia-reperfusion injury neutrophils may 

express Thy-1.27 Furthermore, in a model of experimental glaucoma Huang et al. found that 

Thy-1 mRNA and protein levels do not reflect the number of retinal ganglion cells present.152 

These findings explain the persistence of Thy-1 immunoreactivity in the retina following 

complete optic nerve transection.153 Taken together the studies to date suggest that Thy-1 

serves as an early marker of retinal ganglion cell stress but is not an accurate marker of 

retinal ganglion cell loss.152  

 

Brain-expressed X-linked (Bex) proteins Bex 1 and Bex 2 are expressed in a variety of 

tissues, including retinal ganglion cell bodies and their axons.154 These proteins enable the 
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visualisation of early and late retinal ganglion cell morphologic changes following optic nerve 

injury.154 However, due to their axonal expression they are not appropriate markers of retinal 

ganglion cell survival.155  

 

γ-Synuclein is a protein highly expressed in retinal ganglion cells and their axons in the nerve 

fibre layer.156 Synucleins are small natively unfolded proteins implicated in neurodegenerative 

diseases and some forms of cancer.156 Loss of retinal ganglion cells correlates with a 

downregulation of γ-synuclein gene expression in glaucoma.156 Although in situ hybridisation 

of γ-synuclein is a reliable marker of retinal ganglion cells, this method impairs double 

labelling with antibodies and is more difficult than immunohistochemical techniques.155  

 

Brn3a is a member of the Pit-Oct-Unc (POU)-domain family of transcription factors157 and is 

emerging as a reliable marker of retinal ganglion cells.155 These transcription factors are 

involved in the differentiation, survival, and axonal elongation of retinal ganglion cells.158 In 

mice, Brn3a is expressed in retinal ganglion cells innervating the principal 

retinothalamic/retinocollicular pathway mediating vision but not in retinal ganglion cells of the 

accessory optic, pretectal, and hypothalamic pathways serving subcortical visuomotor and 

circadian functions.159 Retinal ganglion axons that expression Brn3a have a relative 

preference for the contralateral hemisphere.159 The expression pattern of Brn3a has been 

characterised in the adult albino rat and compared against retrograde labelling with Fluoro-

Gold.155 Brn3a is present only in the ganglion cell layer and is not expressed in other cells in 

the retina.155 The expression of Brn3a shows a spatial distribution comparable to that of 

Fluoro-Gold in both normal eyes and following axonal injury.155 Following optic nerve injury, 

the loss of Brn3a expression precedes loss of Fluoro-Gold labelling.155 The reasons for this 

are unclear but it may suggest that the loss of Brn3a expression reflects a commitment to 

death that precedes the disappearance of Fluoro-Gold labelled retinal ganglion cells by 

phagocytic clearance.155 Importantly, unlike Thy-1 the expression of Brn3a does not change 

after retinal injury.155  
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Brn3a labelling offers a number of advantages. Firstly it avoids the risks of the surgical 

retrograde procedure and the uncertainties associated with axonal delivery of a neuronal 

tracer to the cell body. The antibody to Brn3a is commercially available and the procedure for 

staining retinas is relatively simple.137 Because the Brn3a signal is nuclear, the distances 

between positive nuclei are wider, thus allowing for easier discrimination.155  

 

There is a small population of retinal ganglion cells that label with Brn3a but not with Fluoro-

Gold.155 This might represent the small proportion of retinal ganglion cells that do not get 

retrogradely labelled with Fluoro-Gold from both superior colliculi.155 Similarly 3.4% of retinal 

ganglion cells retrogradely labelled with Fluoro-Gold do not express Brn3a.155 These cells 

may project to subcortical centres not involved in vision, which have been shown to be 

negative for Brn3a in mice.159  

 

Another approach to assess retinal ganglion cell survival is to count retinal ganglion cell 

axons in a cross section of the optic nerve.137 However automated counting can be inaccurate 

and manual counting tedious.137 The greatest disadvantage is that there may be a significant 

time delay between somatic cytotoxicity and axonal degeneration, resulting in 

underestimation of retinal ganglion cell death.137 
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6.1 ABSTRACT  

 

Purpose. To characterise the spatial and temporal expression of connexin43 (Cx43) following 

retinal ischaemia-reperfusion injury and to evaluate its relationship to retinal glial response, 

vascular disruption, and subsequent retinal ganglion cell loss.  

 

Methods. Unilateral retinal ischaemia-reperfusion injury was induced by elevating intraocular 

pressure to 120 mmHg for 60 minutes and then normalized in Wistar rats. Retinas were 

evaluated by immunohistochemistry at 4, 8, and 24 hours, and 7, 14, and 21 days in 4 

groups: ischaemic, contralateral, sham operated, and uninjured eyes. Immunohistochemistry 

was used to analyze the spatial and cell-specific expression of Cx43 protein. To evaluate the 

relationship to astrocyte activation, glial fibrillary protein was assessed using 

immunohistochemistry and western blot analysis. Evans blue dye leak from retinal vessels 

was used to assess vascular leakage and blood vessel integrity was examined using 

isolectin-B4 labelling. Retinal whole mounts and retinal ganglion cell (RGC) counts were used 

to quantify neurodegeneration using anti-BRN3a antibodies.  

 

Results. Cx43 immunoreactivity of the ischaemic eye is significantly increased in the 

ganglion cell layer and nerve fibre layer, colocalizing with activated retinal astrocytes and 

Muller cells at 8 hours. In the inner retinal layers Cx43 was also upregulated and colocalized 

with retinal vascular endothelium at 4, 8 and 24 hours post ischaemia. Notably, in the 

contralateral eye, Cx43 immunoreactivity was also significantly increased in the ganglion cell 

layer and nerve fibre layer at 8 and 24 hours, and at 4 hours in the inner layers. Retinal 

ischaemia-reperfusion was associated with significant vascular leakage and disruption. 

Extravascular dye leakage was observed within an hour of reperfusion, peaked at 4 hours 

post-ischaemia but continued at 24 hours. Sham operated controls did not show any change 

in Cx43 immunoreactivity. Subsequently a significant RGC loss was observed in the 

ischaemic eye at day 21 with a trend towards RGC loss in the contralateral eye.  
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Conclusions. Upregulation of Cx43 occurs in both the ischaemic and contralateral retinas 

although far more significantly in injured retinas. Cx43 colocalizes primarily with activated 

retinal astrocytes and Muller cells as well as vascular endothelium, suggesting that gap 

junction communication and / or hemichannel activity may be a mediator of inflammation, 

vascular permeability, and subsequently neuronal death.   
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6.2 INTRODUCTION 

 

As outlined in section I, retinal ischaemia is a common cause of visual impairment1 involved in 

the pathogenesis of a number of sight-threatening conditions including central retinal artery 

occlusion,2 central retinal vein occlusion,3 ocular ischaemic syndrome,4 hypertensive 

retinopathy,5 diabetic retinopathy,1 and the development and progression of glaucoma.6-8 

Insights into the pathogenesis of ischaemia-induced retinal injury can come from studies of 

CNS injury as transient retinal ischaemia and transient cerebral ischaemia share many 

similarities.9 In the CNS, direct coupling of astrocytes by way of gap junctions creates a glial 

network, or astrocytic syncytium, allowing spatial buffering of ions and signalling molecules in 

order to maintain homeostasis.10-12 

 

Gap junctions are integral for the functioning of the glial network. They allow the passage of 

ions, metabolites, and second messengers between neighbouring cells.13-16 Following CNS 

injury reactive gliosis occurs, a process characterized by rapid astrocyte proliferation, 

hypertrophy, changes in glial fibrillary acidic protein expression,17 and violation of the blood-

brain barrier.18, 19 Upregulation of Cx43 immunoreactivity (Cx43-ir) levels has been described 

following stroke,20 brain ischaemia,21, 22 traumatic brain injury,23 and spinal cord injury.24 In 

ischaemic conditions gap junctions remain open and may allow the passage of apoptotic and 

necrotic signals to adjacent cells, thereby increasing cell death.18, 25-32 In such injury 

conditions, unopposed hemichannels can also lead to the exchange of diffusible molecules 

between the intracellular and extracellular media.11, 33 Evidence suggests that an increased 

expression of Cx43 may be associated with enhanced cell death.18, 27, 29, 34 Gap junction 

modulation has been identified as a potential neuroprotective target18, 25, 27, 34, 35 and recently it 

has been shown that gap junction inhibitors protect retinal neurosensory cells from ischaemia 

in a cell culture model.36 However there is a paucity of information regarding the response of 

Cx43 to retinal injury in vivo.  

 

The purpose of this study was to characterize the temporal and spatial changes in retinal 

Cx43-ir following transient retinal ischaemia using immunohistochemistry and confocal laser 
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scanning microscopy. Cx43-ir was correlated with astrocytes, Muller cells and vascular 

endothelial cells, and RGC density post-ischaemia. An established model of transient retinal 

ischaemia was used in which intraocular pressure was increased to 120 mmHg for 60 

minutes followed by reperfusion.37-39 

  

6.3 MATERIALS AND METHODS 

 

Animals 

!

Adult male Wistar rats weighing 250 to 350 g were used in this study. Animals were obtained 

from the Vernon Jansen Unit, University of Auckland. All procedures were conducted in 

compliance with the ARVO Statement of Use of Animals in Ophthalmic and Vision Research 

and were approved by the Animal Ethics Committee of the University of Auckland. Every 

effort was made to minimise suffering and the number of animals used. Animals were housed 

with a 12-hour light/dark cycle and received food and water ad libitum.  

 

Animal model 

!

An established model of transient retinal ischaemia was used.37, 38, 40 Animals were 

anesthetized with an intraperitoneal injection of ketamine (60 mg/kg) and medetomidine 

hydrochloride (0.4 mg/kg) and the pupils dilated with topical phenylephrine hydrochloride and 

tropicamide. The technique of retinal ischaemia-reperfusion has previously been described 40. 

Briefly, the left anterior chamber was cannulated with a 30-gauge infusion needle connected 

by silicone tubing to a reservoir of sterile 0.9% saline. Cannulation was performed using a 

sterotaxic manipulator arm to avoid injury to the corneal endothelium, iris, or lens. The 

intraocular pressure of the cannulated eye was raised to 120 mmHg for 60 minutes by 

elevating the saline reservoir. Retinal ischaemia was confirmed by pallor of the posterior 

segment. After 60 minutes, the cannula was removed and reperfusion of the retinal vessels 

was confirmed by ophthalmoscopy. Animals were euthanized with an intracardiac injection of 

potassium chloride and both eyes removed for analysis. Eyes (n = 110) were divided into 4 



Section II  Chapter 6 

!

! 176 

groups: ‘ischaemic’ eyes which were eyes that underwent ischaemia-reperfusion; 

‘contralateral’ eyes which were the opposite eye of the animals that underwent ischaemia-

reperfusion; ‘control’ eyes which were eyes from uninjured animals; and ‘sham’ injury eyes 

which were eyes that underwent anesthesia and topical drops but not ischaemia-reperfusion 

at each time point. The contralateral eye was not used as a control but rather studied to 

evaluate if there were any widespread changes in the CNS outside the injured eye. Time 

points that were evaluated included: 4 hours (n=10 eyes; 5 ischaemic, 5 contralateral), 8 

hours (n=10), 24 hours (n=10), 7 days (n=10) and 14 days (n=10) post-ischaemia for Cx43 

analysis, and at 7 days (n=10) and 21 (n=10) days post ischaemia for RGC analysis. A 

control group of normal uninjured retinas was used to establish baseline Cx43 levels (n=10) 

and baseline RGC levels (n=5). In addition, sham surgery animals (n=5)  at each time point (4 

hours, 8 hours, 24 hours, 7 days, 14 days) were employed to determine the effects of the 

anesthetic and topical medicines on Cx43 expressioin. These animals underwent the same 

procedure as experimental animals, however without elevation of intraocular pressure. For 

dye leak experiments, animals were analyzed at 1-2 hours (n = 4), 4 hours (n = 7), and 24 

hours (n = 5). Eight animals served as controls (one retina per animal). The total number of 

animals used was 94 with a total of 134 eyes analysed. The 60-minute duration of ischaemia 

was chosen to be consistent with previous studies. 
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Figure 6.1 Experimental setup showing heating pad and stereotaxic manipulator. 

 

Figure 6.2 Close-up of needle used to cannulate the anterior chamber. 

 

Tissue extraction  

!

Animals were euthanised with an intracardiac injection of potassium chloride. The eyes were 

rapidly enucleated after the dorsal conjunctiva was marked with a single suture to assist with 
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orientation for sectioning. To facilitate enucleation, the conjunctiva and subconjunctival tissue 

was incised at the equator of the globe. The extraocular muscles were detached from the 

globe and the optic nerve was transected without traction, approximately 3 mm posterior to 

the globe. This provided an intact globe, optic nerve head, and portion of the intraorbital optic 

nerve. To minimise post-mortem uncoupling or changes in gap junction structure,41   tissue 

specimens were processed immediately.  

 

Light microscopy 

!

Cryosections were stained using Mayer’s haematoxylin and eosin (1%) following standard 

histological procedures. Briefly, slides were warmed to room temperature for 1-2 minutes and 

then rinsed for 3 minutes in tap water to wash off the OCT medium. Slides were dehydrated 

in a progressive series of alcohols (ethanol 70%, 95%, 100%; 2 minutes each) and cleared in 

pure xylene for 4 minutes before being rehydrated in decreasing concentrations of alcohols 

(ethanol 100%, 95%, 70%; 2 minutes each) followed by 2 minutes in tap water. Following 

staining in Mayer’s haematoxylin for 10 minutes, excess stain was rinsed off in tap water and 

slides were stained in eosin for 2 minutes. After rinsing in tap water, sections were 

dehydrated through 95% ethanol and three times in 100% ethanol, cleared in pure xylene 

three times, and mounted using a DPX mountant (BDH, Poole, UK).  

 

Immunohistochemistry 

!

Immunohistochemistry and confocal laser scanning microscopy were used to analyze the 

spatial and temporal expression of Cx43 protein following retinal ischaemia-reperfusion. After 

euthanasia, eyes were enucleated and fixed in 1% paraformaldehyde in phosphate-buffered 

saline (PBS) (BR0014G; Oxoid, Basingstoke, England) for 30 minutes at room temperature 

and cryoprotected in 15% sucrose in PBS at 4°C overnight. The eyes were then embedded in 

optimal cutting temperature compound (IA018; ProSciTech, Queensland, Australia) and 

rapidly frozen in liquid nitrogen. Sagittal 16 µm cryosections were cut at the level of the optic 

nerve head and mounted on SuperFrost Plus slides (Fisher Scientific, Pittsburgh, PA). 
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Sections were subsequently rinsed in PBS, immersed in 100% ethanol at -20°C for 10 

minutes, and then blocked in 10% normal goat serum and 0.1% Triton-X100 (Sigma-Aldrich, 

St. Louis, MO) in PBS at room temperature for 1 hour. Double labelling was performed to 

identify the retinal cell types expressing Cx43. Sections were incubated overnight at 4°C with 

the primary antibody mixture diluted in PBS. Negative controls were included by omitting the 

primary antibody. Cx43-ir was visualised using rabbit anti-Cx43 antibody (C6219, Sigma-

Aldrich, St. Louis, MO; 1:2000) and goat anti-rabbit IgG secondary antibodies conjugated to 

Alexa488 (A11034; Invitrogen, Carlsbad, CA; 1:500). Astrocytes were visualised using mouse 

anti-GFAP conjugated to CY3 (C9205, Sigma- Aldrich, St. Louis, MO; 1:1000). Muller cells 

were visualised using mouse anti-glutamine synthetase antibody (GS) (MAB302, Chemicon, 

Billerica, MA; 1:200) followed by goat anti-mouse IgG secondary antibodies conjugated to 

Alexa568 (A11031: Invitrogen, Calrsbad, CA; 1:500). Retinal vascular endothelial cells were 

visualised using Isolectin-B4 conjugated to Alexa594 (I-21413, Molecular Probes, Eugene, 

OR; 1:100). After rinsing, sections were coverslipped using Prolong Gold antifade reagent 

containing the nuclear marker DAPI (4’,6-diamidino-2-phenylindole) (P36931; Invitrogen, 

Carlsbad, CA) and sealed with nail polish.  

 

To analyze the effects of retinal ischaemia-reperfusion on RGC survival, whole mount 

immunohistochemical techniques were used. After euthanasia, eyes were enucleated and the 

cornea, lens and vitreous humor removed. The dorsal aspect of the retina was notched to 

retain orientation. The retina and sclera were fixed in 4% paraformaldehyde in PBS for 60 

minutes at room temperature. Four cuts were made around the circumference of the retina 

creating four quadrants, so that the retina will lie flat on a slide when mounted. The retina was 

then carefully removed from the sclera and permeabilized via incubation in 0.5% Triton-X100 

in PBS solution for 15 minutes at -80°C. They were then stored in 2% Triton-X100 in PBS 

solution overnight at 4°C. Following thorough washing with PBS, free floating retinas were 

incubated overnight at 4°C in PBS solution containing goat anti-BRN3a primary antibody (SC-

31984, Santa-Cruz Biotechnology, CA; 1:100), 2% horse serum and 2% Triton-X100. After 

further washing, the retinas were incubated for 2 hours at room temperature in PBS solution 

containing donkey anti-goat secondary antibody conjugated to Cy3 (705-165-147; Jackson 
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Immuno Research, PA; 1:500) and 2% horse serum. Retinas were mounted onto SuperFrost 

Plus slides using citifluor mounting medium before imaging.   

 

Evaluation of immunohistochemistry 

 

An immunohistochemical approach was used to investigate changes in Cx43-ir after transient 

ischaemia as it enables mapping of expression to specific retinal layers and cell types. 

Specimens were examined with an Olympus FV1000 confocal laser scanning microscope 

(Olympus, Tokyo, Japan). For each retina analyzed for Cx43 expression, three images were 

taken from both the superior and inferior retina, starting one microscope field peripheral to the 

border of the optic disc, giving a total of six images per retina. This method ensured similar 

locations were assessed between different eyes. Voltage and offset settings were adjusted to 

best discriminate individual antibody label and avoid oversaturation of the image. The same 

settings were used within imaging of each retina. For imaging of the retinal nerve fiber layer 

(NFL) and ganglion cell layer (GCL) the optical slice displaying maximum label was analyzed. 

Imaging of the inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer 

(ONL) required a z-stack of optical slices to be imaged, taken at 1 µm increments, 

encompassing all label present. Quantification of Cx43 was performed using automated spot 

counts in ImageJ software version 1.43 (National Institutes of Health, Bethesda, MD). Each 

image was converted to a binary image using a threshold of 30-255. To separate clusters the 

ImageJ “watershed” algorithm was applied in order to distinguish between closely adjacent 

spots. The number of Cx43 spots was then counted using the spot count function in ImageJ 

(particle size 1 – infinity pixels). 

 

For each retina analyzed for RGC survival, two fields in each quadrant of each retina were 

imaged giving a total of eight images per retina. This method ensured similar locations were 

assessed between different eyes and avoided any possible area bias present in the retina. 

Imaging of RGC label was performed at 10x magnification. Voltage and offset settings were 

adjusted to best discriminate individual antibody label and to avoid oversaturation of the 

image. Quantification was performed using automated spot counts in NIH ImageJ software. 
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Each image was converted to a binary image using a threshold of 33-255. To separate cell 

clusters the watershed algorithm was applied. Spot counts were performed with particle size 

3 – infinity pixels to exclude spots deemed too small or non-specifiv to be RGC and was 

calculated as the number of spots per mm2 area. 

 

Western blotting 

!

Western blotting was used to determine changes in GFAP expression 8 hours after 

ischaemia-reperfusion injury. Retinas from uninjured animals were used as controls. Two 

animals were included in each treatment group. The 8 hour time point was chosen to coincide 

with maximum Cx43 upregulation. After euthanasia, eyes were enucleated and the cornea, 

lens and vitreous humour removed. Retinas were immediately frozen in liquid nitrogen and 

stored at -20°C until homogenisation. Each retina was cut into pieces using iris scissors and 

placed into 200 µL ice-cold homogenisation buffer (150 mM sucrose, 50 mM HEPES pH 7.9, 

60 mM KCl, 5 mM EDTA pH 8.0, 1 mM EGTA pH 8.0) containing one complete mini protease 

inhibitor cocktail tablet (04693124001, Roche) per 10 ml. Tissue was then homogenised 

using a hand-held homogeniser (5mmx75mm probe, Pro Scientific Pro 200, CT, USA) for 90 

seconds while being kept on ice. Samples were incubated on ice for 1 hour with 1% Triton-

X100, centrifuged at 10,000 rpm for 10 minutes and the supernatant collected for protein 

concentration assay.  

 

Sample protein concentrations were determined using the Biorad RC DC Protein Assay Kit II 

(500-0122) following kit instructions. Samples were diluted with homogenisation buffer to a 

standard concentration of 1 µg/µL for Western blotting. A 10 µL sample in 10 µL of sample 

loading dye, and 10 µL of Benchmark pre-stained protein ladder (10748-010, Invitrogen) were 

run on a 10% separating bis-acrylamide gel with 4% stacking gel for 50 minutes at 170 mV in 

SDS-PAGE denaturing buffer (0.2M glycerine, 25 mM Tris pH 6.8, 35 mM SDS). All 8 

samples were run on the same gel. Separated proteins and the ladder on the gel were 

transferred to Hybond ECL nitrocellulose membrane (RPN2020D, GE Healthcare), and 

assembled with the gel in a wet transfer apparatus. Transfer was performed at 170 mA for 1 
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hour in cold transfer buffer (25 mM Tris, 192 mM Glycine and 20% v/v methanol). The 

membrane was blocked with 5% non-fat milk powder in TBS-T (containing 20 mM Tris, 137 

mM NaCl, 0.1% Tween-20) for one hour and thoroughly washed (6 times for 5 minutes each 

in TBS-T). All membranes were labelled with a cocktail of rabbit anti-GFAP antibody (Z0334, 

Dako, 1:1000) and anti-GAPDH antibody (G9545, Sigma Aldrich, 1:4000) in antibody solution 

(TBS-T with 2 mM EDTA pH 8.0 and 1% bovine serum albumin) overnight, thoroughly 

washed, followed by anti-rabbit Ig Horse Radish Peroxidase linked whole antibody (NA934V, 

Amersham Biosciences, 1:40000) in antibody solution, then thoroughly washed again. The 

signal was detected using an Amersham ECL Plus Western Blotting Detection System 

(RPN2132, GE Healthcare) and a Fujifilm LAS 3000 Imager with the chemiluminescence 

function. A visible light photo of the protein ladder was also taken without moving the 

membrane. 

 

Assessment of blood-retinal barrier breakdown 

!

Vascular leak following retinal ischaemia-reperfusion was assessed using Evans blue dye 

(E2129, Sigma Aldrich), an azo dye that binds to serum albumin and is used to quantify 

vascular endothelium permeability. It was prepared in 0.9% saline at a concentration of 100 

mg/mL and filtered through a 0.22 µm filter prior to administration. The dye solution was 

injected intraperitoneally at 1 mL/100 g of animal body weight, ten minutes before the animal 

was due to be culled in order to allow absorption of the dye and circulation throughout the 

body. The dye concentration, volume injected, and latent period were based on results from 

preliminary investigations. Animals were assessed in the control uninjured group, and 4 and 

24 hours following reperfusion. The cornea, lens, and vitreous humour were removed, and 

the remaining retina and sclera fixed in 4% paraformaldehyde in phosphate-buffered saline 

(PBS – BR0014G, Oxoid, England) for 30 minutes at room temperature. The fixed retina was 

carefully removed from the sclera and mounted on a SuperFrost Plus slide (Menzel-Gläser) 

using Citifluor mounting medium, before imaging.   
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For dye leak experiments the entire retina was imaged using a 10x air objective. Absorbance 

and emission spectra for Evans blue dye have been previously characterised.42 Here 559 nm 

excitation was used and emission was viewed with a 575 – 675 nm band filter. Dye leak was 

consistently spherical or ovoid in shape and the area of dye leak was thus measured using 

the formula:  

 

Formula 6.1 Area of dye leak. 

 

Area of dye = r1 x r2 x π, 

where r1 and r2 are dye leak radii in the x and y axes.  

 

Total accumulated dye leak from vessels was measured as the sum of individual dye leak 

areas.  

 

Statistical analysis 

!

Data are given as arithmetic means ± standard error. Statistical comparisons between groups 

were performed using the Mann-Whitney U test (also known as the Wilcoxon test) since data 

was not normally distributed and normality cannot be restored by transformation. Significance 

is stated at p < 0.05 and p < 0.01. All statistical analysis was performed in GraphPad Prism 

version 5.0 (GraphPad Software, San Diego, CA). 

 

6.4 RESULTS 

 

Cx43 immunoreactivity and colocalization pattern following transient retinal ischaemia 

 

The pattern of Cx43 protein expression in normal retina has been described previously in the 

rat12 and several other vertebrates;43-45 therefore the results presented will focus primarily on 

ischaemia-induced alterations. In the NFL and GCL of control retinas there was strong and 

widespread Cx43 labelling which colocalized with GFAP on retinal astrocytes (Figure 6.3A, 
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1B). At 8 hours following high pressure induced retinal ischaemia and reperfusion, a 

significant increase in Cx43-ir compared to control (p < 0.01 – see following section for 

quantification) was observed in the NFL and GCL (Figure 6.3C, 1D) associated with 

hypertrophy and increased GFAP labelling of retinal astrocytes. At the 8 hour time point, 

contralateral eyes (Figure 6.3E, 1F) also demonstrated a significant increase in Cx43-ir 

although not as dramatic as eyes that underwent ischaemia-reperfusion. Cx43-ir also 

colocalized with Muller cells.  

 

 

Figure 6.3 A confocal microscope optical slice of retinas labelled for Cx43 (green), the 

astrocyte marker GFAP (red) and with the nuclear marker DAPI (blue) from (A, B)  a control 

eye, (C, D) an ischaemic eye, and (E, F) a contralateral eye 8 hours after reperfusion. (A, B) 

In control retinas there was strong and widespread Cx43-ir (arrows) within the NFL and GCL 

which colocalized with GFAP on retinal astrocytes. (C, D) At 8 hours after ischaemia, Cx43-ir 

was significantly upregulated in the NFL and GCL of the ischaemic eye (p < 0.01 compared to 

control) and (E, F) contralateral eye (p < 0.01) associated with hypertrophy and increased 

GFAP labelling of retinal astrocytes. GFAP, glial fibrillary acidic protein; NFL, nerve fiber 
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layer; GCL, ganglion cell layer; IPL, inner plexiform layer; RPE, retinal pigment epithelium. 

Scale bar A,C,E = 50 µm, magnification 60x, B,D,F = 20 µm, magnification 150x.  

 

Figure 6.4 demonstrates the colocalization of Cx43 with Muller cell bodies and processes in 

control (Figure 6.4A, 2B), ischaemic (Figure 6.4C, D) and contralateral retinas (Figure 6.4E, 

F) 8 hours after ischaemia and reperfusion. 

 

There are low levels of Cx43-ir in the INL, OPL and ONL of control retinas (Figure 6.5A, B). At 

the 4 hour time point following ischaemia-reperfusion a significant increase in Cx43-ir was 

observed compared to controls (p<0.01) in the INL, OPL and ONL (Figure 6.5C, D). The 

contralateral eye (Figure 6.5E, F) also exhibited significantly increased Cx43-ir in the INL, 

OPL and ONL at 4 hours after reperfusion. Cx43 was strongly expressed in the retinal 

pigment epithelium (RPE) between adjacent epithelial cells in all eyes (Figure 6.5). There was 

no significant difference in expression levels between ischaemic, contralateral and control 

eyes. Cx43-ir in the INL, OPL and ONL showed a distinct tramline pattern and was 

colocalized with Isolectin-B4 labelled vascular endothelial cells in both ischaemic and 

contralateral eyes following ischaemia-reperfusion (Figure 6.6). In these images, inserts 

showing Cx43 label in the RPE are provided as internal positive controls. 
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Figure 6.5. An extended focus (projection) of confocal optical slices of retinas labelled for 

Cx43 (green), the Muller cell marker GS (red) and with the nuclear marker DAPI (blue) from 

(A, B)  a control eye, (C, D) an ischaemic eye, and (E, F) a contralateral eye 8 hours after 

reperfusion. (A, B) In control retinas a small amount of Cx43-ir (arrows) within the NFL and 

GCL colocalized with GS on Muller cells. (C, D) At 8 hours after ischaemia, Cx43-ir was 

significantly upregulated in the NFL and GCL (p < 0.01 compared to control) associated with 

increased GS labelling of Muller cells. (E, F) In contralateral eyes 8 hours after ischaemia, 

Cx43-ir was also significantly increased (p < 0.01). GS, glutamine synthetase; NFL, nerve 

fiber layer; GCL, ganglion cell layer; IPL, inner plexiform laye; RPE, retinal pigment 

epithelium. Scale bar A,C,E = 50 µm, magnification 60x, B,D,F = 20 µm, magnification 150x.  
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Figure 6.5. An extended focus (projection) of optical slices of retinas labelled for Cx43 

(green) and with the nuclear marker DAPI (blue) from (A, B) a control eye, (C, D) an 

ischaemic eye, and (E, F) a contralateral eye 4 hours after reperfusion. Cx43-ir (arrows) was 

significantly upregulated in the INL, OPL and ONL of the ischaemic eye (p < 0.01), and the 

contralateral eye (p < 0.01) at 4 hours after ischaemia. Cx43 was strongly expressed in the 

retinal pigment epithelium between adjacent epithelial cells in all eyes. There was no 

significant difference in expression levels between ischaemic, contralateral, and control eyes. 

INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal 

pigment epithelium. Scale bar A,C,E = 50 µm, magnification 60x, B,D,F = 20 µm, 

magnification 150x.  
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Figure 6.6. A confocal microscope optical slice of (A) an ischaemic eye and (B) a 

contralateral eye 8 hours post-ischaemia labelled for Cx43 (green), the vascular endothelial 

marker Isolectin-B4 (red) and with the nuclear marker DAPI (blue). Colocalization of Cx43 

with Isolectin-B4 was particularly evident in the INL and OPL in both eyes. Inserts: Cx43 

labelling in the RPE, shown as an internal positive control. INL, inner nuclear layer; OPL, 

outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bar = 

30 µm, magnification 60x. 

 

Quantitation of Cx43-ir following transient retinal ischaemia 

 

Cx43-ir (spot count per image) in the ischaemic and contralateral eyes following high 

pressure induced retinal ischaemia and reperfusion were quantified with the 

immunohistochemistry approach enabling discrimination between different retinal layers and 

cell types. There was no difference between Cx43-ir levels in the uninjured and the sham 

operated controls at any time point. Average Cx43-ir in the NFL and GCL of control animals 

was 52 ± 9 spots per high powered image analyzed. Cx43-ir in the NFL and GCL of the 

ischaemic eye was significantly altered following retinal ischaemia-reperfusion (Figure 6.7). 

Although no change in Cx43-ir was observed at 4 hours post reperfusion (spot count 62 ± 4), 

upregulation of Cx43-ir in the ischaemic eye was observed at 8 hours following reperfusion 

(160 ± 27, p < 0.01) before returning to normal levels at 24 hours (68 ± 7) and 7 days (66 ± 

12). A secondary increase in Cx43-ir was observed at 14 days post reperfusion (106 ± 9, p < 

0.01). Surprisingly, a significant upregulation of Cx43-ir in the NFL and GCL was also 

observed in the contralateral eye at 8 hours (104 ± 11, p < 0.01) and 24 hours (109 ± 30, p < 

0.05) following reperfusion. Other time points analyzed (51 ± 6 at 4 hours, 45 ± 9 at 7 days 
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and 54 ± 7 at 14 days post reperfusion) displayed no difference in Cx43-ir compared with 

controls.  

 

 

Figure 6.7. Average Cx43 spot count in the NFL and GCL of the ischaemic and contralateral 

eyes after unilateral high pressure-induced retinal ischaemia. An initial upregulation of Cx43-ir 

in the ischaemic eye compared to the control eye was observed at 8 hours reperfusion (p < 

0.01) followed by a secondary increase at 14 days (p < 0.01). Contralateral eye Cx43 was 

significantly upregulated compared to control eyes at 8 hours (p < 0.01) and 24 hours (p < 

0.05). There was no difference between the control and the sham groups at any time point. 

 

Changes in Cx43-ir in the INL, OPL and ONL in association with retinal capillaries were 

observed subsequent to retinal ischaemic injury (Figure 6.8). Cx43-ir in the INL, OPL and 

ONL of the ischaemic eye was significantly increased at 4 hours (53 ± 13, p < 0.01), 8 hours 

(58 ± 14, p < 0.01), and 24 hours (50 ± 14, p < 0.01) compared to the control baseline spot 

counts (7 ± 1). Levels returned close to normal at 7 days (14 ± 4, p = 1.0) and 14 days (14 ± 
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1, p = 1.0) post reperfusion. Again a significant increase in Cx43-ir was seen in the 

contralateral eye compared to controls at 4 hours (33 ± 5, p < 0.01) post reperfusion. Cx43-ir 

returned to control levels in contralateral eyes by 7 days (9 ± 3, p = 1.0) and 14 days (7 ± 2, p 

= 1.0).  

 

 

Figure 6.8 Average Cx43 spot count in the INL, OPL and ONL of the ischaemic and 

contralateral eye after unilateral high pressure-induced retinal ischaemia. Upregulation of 

Cx43-ir in the ischaemic eye compared to control animals was detected at 4, 8 and 24 hours 

post-ischaemia (p < 0.01). Contralateral eye Cx43-ir was significantly upregulated compared 

to control animals at 4 hours post-ischaemia (p < 0.01) and then reduced to normal levels by 

7 days. There was no difference between the control and the sham groups at any time point. 

 

RGC survival in ischaemic and contralateral retinas 

 

The density of RGC in the ischaemic and contralateral retinas following high pressure 

induced retinal ischaemia and reperfusion was quantified by counting BRN3a positively 
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labelled cells (Figure 6.9). A significant decrease in RGC density was detected in the 

ischaemic eye between 7 and 21 days following injury compared to control eyes (p < 0.01 for 

day 21 - Figure 6.10). Changes in the RGC count in the contralateral eye did not reach 

statistical significance compared to control with the number of animals studied (5 in each 

group), although a trend towards decreased RGC density was observed at 21 days (p = 

0.067). 

 

 

Figure 6.9 A confocal microscope image of a retina that had been whole-mounted and 

labelled with the RGC label BRN3a (red) (A). A higher magnification image that was used to 

measure RGC density in this retina (B). Eight such images were analyzed for each retina. 

Scale bar in A = 1000 µm, magnification 4x. Scale bar in B = 400 µm, magnification 10x. 
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Figure 6.10 Average RGC density in ischaemic and contralateral retinas 7 and 21 days after 

ischaemia-reperfusion. A trend towards a decrease in RGC density in the ischaemic eye at 7 

days was detected (p = 0.075). A significant decrease in RGC density was detected in the 

ischaemic eyes at 21 days (p < 0.01). No significant difference was found between control 

and contralateral eyes at any time point although there was a trend to reduced RGC numbers 

in the contralateral eyes (p = 0.344 at 7 days and p = 0.067 at 21 days). 

 

Assessment of vascular integrity 

 

Following retinal ischaemia-reperfusion, extravascular dye leakage was observed within an 

hour of reperfusion, peaked at 4 hours post-ischaemia but continued at 24 hours, the longest 

reperfusion period analysed (Figure 6.11). The dye appeared in ovoid patches where it had 

leaked from compromised vascular endothelium. Retinas from animals that had no Evans 

blue dye injected were examined to ensure that there was no background fluorescence. 

Uninjured animals that were injected with Evans blue dye did not exhibit dye leak from the 

retinal vasculature beyond a few patches resulting from handling, but the vessels were clearly 
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demarcated by the dye within them. Isolectin-B4 labelling of retinal vascular endothelial cells 

showed tubular and continuous vessels forming an anastomosing vascular network (Figure 

6.11E). By 4 hours following ischaemia-reperfusion, Isolectin-B4 labelling revealed clumped 

vascular membrane material, single endothelial cell layers (as opposed to double track or 

tube-like structures) and label breaks, indicating endothelial cell loss and vessel rupture 

(Figure 6.11F). 
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Figure 6.11. Confocal microscope optical slices of flat mounted retinas displaying Evans blue 

dye fluorescence (A-D) and Isolectin-B4 labelled blood vessel endothelial cells (E, F). No 

endogenous fluorescence was seen in the retina from an animal with no Evans blue dye 

administered (A). Normal blood vessels from an uninjured animal infused with Evans blue dye 

are seen in (B), where the vessels are demarcated by the dye but there is no leakage to the 

extracellular space. Dye leak from blood vessels (arrows), indicating vascular disruption, was 

evident at both 4 (C) and 24 (D) hours following retinal ischaemia-reperfusion. Blood vessel 

endothelial cell labelling with Isolectin-B4 from an uninjured animal is seen in (E). The vessels 

appear tubular and continuous. At 4 hours following ischaemia-reperfusion (F) vessels appear 

fragmented with breaks (arrow), many single membrane structures (arrowhead) and 

endothelial membrane aggregations (asterisk). Scale bar = 500 µm. 
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Western blotting 

 

Western blot analysis 8 hours after ischaemia-reperfusion confirmed upregulation of GFAP 

expression (Figure 6.12). 

 

 

Figure 6.12. Western blot analysis showing GFAP levels in control retina and 8 hours after 

Ischaemia-reperfusion. Ischaemia-reperfusion caused an upregulation of GFAP. 

 

6.5 DISCUSSION 

 

The present study is the first to evaluate the spatial and temporal response of retinal Cx43 

following an in vivo model of retinal ischaemia-reperfusion injury. This study demonstrates 

that an upregulation of Cx43 occurs following transient retinal ischaemia reperfusion. Cx43-ir 

significantly increased in the ischaemic eye at 8 hours following retinal injury which occurred 
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predominantly in the NFL and GCL with a second significant peak after 14 days. 

Immunohistochemical studies suggest that this Cx43-ir was predominately on reactive 

astrocytes and Muller cells. Increased Cx43-ir was also found in the INL, OPL and ONL at 4, 

8 and 24 hours. Cx43-ir was observed in Isolectin-B4 labelled vascular endothelium of retinal 

vessels between 4 and 24 hours following retinal ischaemia. Ischaemia-reperfusion induced 

significant vascular leak peaking at 4 hours post ischaemia-reperfusion, that correlated with 

discrete, localised regions of astrocytosis and associated Cx43 upregulation. These changes 

preceded RGC death. 

 

There is an increasing body of evidence that supports the role of Cx43 gap junctions following 

CNS injury. Gap junction channels remain open under ischaemic conditions in the brain.46 In 

a study of 236 post mortem human brain samples Cx43 immunoreactivity was enhanced in 

the penumbral areas of both acute and chronic cortical infarcts,20 and in a rodent model of 

transient forebrain ischaemia, increased Cx43 immunoreactivity correlated with greater 

vulnerability to ischaemic injury as assessed by histological examination.32 In a rodent model 

of partial optic nerve transection, a biphasic upregulation of retinal Cx43 protein expression 

was observed to occur in the superior retina with an associated loss of RGC and a retinal 

astrocytic inflammatory response.47 There have, however, been few reports describing the 

response of Cx43 to retinal injury. Cameron et al. showed upregulation of Cx43 transcripts 

using a DNA microarray and real time PCR analysis following mechanical injury to the 

zebrafish retina.48  

 

Evidence suggests that gap junctions may mediate cell death. Modulation of gap junction 

communication has been shown to reduce neuronal cell death both in vitro and in vivo. In an 

organotypic model of cerebral ischaemia acute knock down of Cx43 using 

oligodexoynucleotides reduced neuronal cell death25 and in a rodent model of stroke, pre-

treatment with the gap junction blocker octanol significantly decreased mean infarction 

volume following middle cerebral artery occlusion28. Using an in vitro model of optic nerve 

ischaemia, the application of antisense oligodeoxynucleotides specific to the gap junction 

protein Cx43 reduced up-regulation of Cx43, cell death and the inflammatory response.34 In 
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an in vitro model of retinal ischaemia induced by cobalt chloride,36 a gap junction inhibitor 

based on primaquine, prevented activation of caspase-3 in R28 neuro-retinal cells in culture, 

stopping apoptotic signals passing to adjacent cells and reducing the spread of damage. 

Further evidence supporting that gap junctions may mediate cell death in the retina comes 

from targeted cell death in retinal whole mounts.49 Cytochrome c was injected into neurons of 

the inner retina and surrounding cells were then scrape loaded and examined for apoptotic 

morphology or caspase-3 cleavage. Cytochrome c injection induced bystander killing in 

neighboring cells which was significantly reduced by the gap junction inhibitors octanol and 

carbenoxolone.49  

 

A novel finding of this study is the upregulation of Cx43 in the retinal vascular endothelial cells 

following injury. Endothelial upregulation of Cx43 has been reported in other tissues18 and 

may play an important role in mediating changes in vascular permeability and secondary 

inflammation. In a rodent traumatic spinal cord injury model, a significant elevation of Cx43 

was noted in the walls of small blood vessels as early as 6 hours after injury.18 This 

upregulation was accompanied by vascular leakage of fluorescently-labelled albumin and 

accumulation of blood-borne neutrophils. Suppression of the Cx43 upregulation using 

antisense oligodeoxynucleotides was associated with reduced vascular leakage and 

neutrophil recruitment.18 The exact mechanism by which Cx43 mediates vascular 

permeability remains to be determined. In both the retina and brain, large Cx43-containing 

plaques couple adjacent astrocyte endfeet, creating a tunnel around each blood vessel along 

which calcium waves can propagate.50 These cytosolic calcium waves may induce cytokine 

production and release, leading to barrier breakdown.51 Cx43 might also mediate vascular 

permeability through mechanisms independent of gap junction coupling. Cx43 hemichannels, 

for example, can open under ischaemic conditions to form a direct link between the cytoplasm 

and the extracellular environment, inducing metabolic inhibition and membrane 

depolarisation.11, 33 The release of Glutamate, ATP, and NAD+ then leads to further 

propagation of the calcium wave, spreading the injury.52-54 Cx43 also colocalizes with the 

tight-junction molecules occludin, claudin-5, and ZO-155 and altered barrier function may be 

exerted through effects on these molecules.18 
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The biphasic pattern of Cx43 upregulation in the ischaemic eye seen in our model reflects 

pathological processes associated with astrocyte proliferation and vascular remodelling after 

retinal ischaemic injury. Cx43 expression in blood vessels of the epidermis after incisional 

skin wound in mice was increased 3-fold 6 hours after injury, declined significantly at 2 days 

and increased significantly at 4-7 days.56 In a rodent model of partial optic nerve transection, 

a biphasic upregulation of retinal Cx43 protein expression was observed to occur in the 

superior retina with an associated loss of RGC and a retinal astrocytic inflammatory 

response.47 The mechanisms of this biphasic response are not yet clear and have not been 

addressed by other researchers.  

 

This is the first study to have identified increased Cx43-ir in the contralateral retina following 

acute ocular injury. A rapid transient response was detected in the INL, OPL and ONL at 4 

hours before returning to normal levels thereafter. This was followed by the more gradual 

upregulation in the NFL and GCL between 8 and 24 hours post-ischaemia. As in the 

ischaemic eye, Cx43 upregulation was accompanied by hypertrophy and increased GFAP 

labelling of retinal astrocytes and Muller cells. Although there was a trend towards RGC loss 

in the contralateral eye, this was not statistically significant with the sample size in this study.  

 

Other investigators have demonstrated that unilateral CNS injury is associated with 

corresponding contralateral CNS changes.17, 57, 58 Bilateral RGC loss and microglial activation 

after optic nerve injury has been confirmed in multiple studies.59-61 Macharadze et al.60 found 

optic nerve crush induced contralateral RGC loss from the population that project to the 

ipsilateral superior colliculus (the majority of RGC axons project to the contralateral superior 

colliculus) associated with microglial activation in the same region of retina. Astrocytes in the 

contralateral eye have been found to increase GFAP expression and to proliferate after 

unilateral optic nerve injury or episcleral vein cautery.59, 62, 63 Bodeutsch et al.59 found focal but 

very moderate upregulation of GFAP in very few astrocytes of the contralateral eye 5 days 

after a unilateral optic nerve crush injury, whereas Panagis et al.62 showed presence of 

proliferating astrocytes and Muller cells in the contralateral retina 2 and 5 days after unilateral 
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optic nerve crush injury, with no significant difference in the number of proliferating cells 

between injured and contralateral retinas. Kanamori et al.63 found that the increase in Muller 

cell GFAP expression in the contralateral eye in an episcleral vein cauterization model of 

glaucoma was delayed to 1 month post-treatment, which then steadily increased for the next 

5 months, reflecting the mild and chronic nature of the injury compared to optic nerve 

transection. Gene expression (for example, the transcription factor c-jun)59 was altered in the 

uninjured eye and an abundance of oxidative free radicals and altered protein expression 

were also found.64 In general the contralateral response is weaker than in the injured region 

but significant changes are still elicited compared with control tissue from uninjured animals.  

 

The mechanism of signal transduction from the injured eye to the contralateral eye has yet to 

be elucidated and remain controversial.  However, several theories have been proposed. 

There is some evidence that a population of retino-retinal projections may be transporting 

signals between eyes;65-67 with a small number having been shown to persist to adulthood.67, 

68 Regrowth of contralateral RGC axons, typically observed following a direct optic nerve 

crush injury, has been attributed to the retino-retinal axons crushed in the injured optic 

nerve.59 Sefton et al. 69 confirmed that from postnatal day 0 to 5 in the albino rat, the number 

of axons in the optic nerve is larger than the number of centrally projecting RGC, and that 

these extra axons may have been the central branches of retino-retinal projections. Therefore 

degenerative and regenerative signals may have travelled from the injured eye to the superior 

colliculus and retrogradely transported to the contralateral eye. An alternative hypothesis for 

the bilateral effects of unilateral injury is the movement of diffusible substances from the 

injured eye to the contralateral eye, most likely with transfer between nerves at the optic 

chiasm where intimate contact is seen. It is generally accepted that anaesthetic injected into 

the optic nerve sheath is occasionally retrogradely transported and diffuses at the optic 

chiasm to the contralateral optic nerve causing amaurosis.70 Ipsilateral and contralateral 

axons in the optic nerve lie in close proximity at the optic chiasm, making retrograde 

degenerative and regenerative signaling from the optic chiasm another possibility.59 Finally, 

the rapid bilateral microglia activation suggests that a generalised vascular response could be 

caused by ischaemic damage of the retinal vasculature, and that lesion-induced signals could 
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be transferred to the contralateral eye in the blood stream.59 No consensus has been reached 

over the mechanism of the bilateral response to unilateral optic injury. However, this finding 

has important experimental considerations in the use of the contralateral retina and nerve as 

control tissue in unilateral injury models. Further investigations are warranted to explore Cx43 

and glial changes in the contralateral eye of uni-ocular injury and possible RGC cell death 

with which it may be associated. 

 

There are some limitations to this study. In the present study Cx43-ir and RGC loss was 

analysed but the extent to which this RGC may be amplified by a gap junction mediated 

bystander effect, remains to be determined. Future studies should involve modulating Cx43 

expression to evaluate whether Cx43 blockade is associated with any neuroprotective effect.  

 

6.6 CONCLUSIONS 

 

In conclusion, unilateral retinal ischaemia-reperfusion produces an upregulation of Cx43 

bilaterally that colocalizes with reactive astrocytes and Muller cells, as well as demonstrating 

increased expression in vessel walls. The results suggest that gap junction communication 

and / or hemichannel activity may be a mediator of inflammation, vascular permeability, and 

subsequently neuronal death, although the extent to which Cx43-ir and RGC loss are linked 

in the retina requires further study. 
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7.1 ABSTRACT 
 
 
Purpose. This purpose of this study was to determine the expression pattern of gap junction protein 

connexin43 in the normal human retina and optic nerve.  

 

Methods.  An affinity isolated polyclonal antibody to the C-terminal segment of the cytoplasmic domain 

of human connexin43 was used to determine connexin43 localization.  Postmortem human eyes were 

examined by immunohistochemical staining of frozen sections using antibodies to connexin43. Antibody 

binding was detected using confocal microscopy and fluorochrome-conjugated secondary antibodies. 

Double-label immunohistochemistry identified the cell types expressing connexin43.  

 

Results. Connexin43-immunoreactivity was detected in the human retina on glial fibrillary acidic protein 

(GFAP)-positive astrocytes in the retinal ganglion cell layer and to a lesser extent on the processes of 

glutamine synthetase-labelled Müller cells. The retinal and choroidal circulations showed strong 

connexin43 immunolabelling. Dense connexin43-immunoreactivity was present between adjacent cells 

of the retinal pigment epithelium and there was diffuse connexin43-immunoreactivity on GFAP-positive 

astrocytes in the optic nerve.  

 

Conclusions. In the human retina and optic nerve connexin43 is present on glia, blood vessels, and 

epithelial cells. An understanding of the distribution of connexin43 in the normal retina and optic nerve 

may be used to evaluate changes associated with retinal and optic nerve disease.   
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7.2 INTRODUCTION 

 

Chapter 6 outlines the changes in connexin43 expression in an animal model of retinal ischaemia. 

However, the expression pattern of connexin43 in the human retina is unknown. Specifically, the degree 

of homology between the rat and human has not been described. This is significant as it impacts on the 

use of animal as models for human disease. Furthermore, an understanding of the normal expression 

pattern is essential to enable detection of alterations in expression with disease.  

 

Gap junction protein connexin43 is abundant in the central nervous system and is expressed primarily 

on astrocyte processes surrounding blood vessels and chemical synapses.1  The resultant functional 

syncytium is thought to be important in the maintenance of local homeostasis by buffering and 

redistributing excess extracellular K+ through the cytoplasm of a vast network of contiguous astrocytes 

coupled by gap junctions.2   

 

There is increasing interest in the role of gap junction communication in cell death.3-5 Evidence is 

accumulating that following injury to the central nervous system, open gap junctions may allow the 

passage of apoptotic and necrotic signals to adjacent cells thereby increasing cell death.6-14 Gap junction 

modulation has been identified as a potential neuroprotective target and recently it has been shown that 

gap junction inhibitors protect retinal cells from ischaemia in a cell culture model.15  

 

Connexin43 expression has been found at the mRNA and/or protein level  in the rat, mouse, rabbit, carp 

and zebrafish retina; the fish and rat retinal pigment epithelium and vasculature; and in the nerve fiber 

layer of the rat.16 However, to date there was been no report on the distribution of connexin43 

expression in the human retina or optic nerve which is necessary to understand its role in health and 

disease. In the present study an immunohistochemical approach was used involving polyclonal 

antibodies to localize connexin43 immunoreactivity in the human retina and optic nerve. 
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7.3 METHODS 

 

Human tissue consisted of frozen-sections obtained from eyes donated to the New Zealand National 

Eye Bank. Six eyes from donors aged 29 to 83 were included (Table 7.1). 

 

Table 7.1. Characterization of ocular specimens. 

Donor Age Gender Ethnicity Cause of 

death 

Ocular 

disease 

1 29 Male Caucasian MI None 

2 29 Male Caucasian Drowning None 

3 36 Female Caucasian MVA None 

4 68 Male Caucasian Pneumonia None 

5 72 Female Caucasian MI None 

6 83 Male Caucasian MI None 

MI, myocardial infarction; MVA, motor vehicle accident. 

 

Eyes were fixed in 1% paraformaldehyde for 30 minutes, washed with phosphate-buffered saline, and 

then cryoprotected in an increasing sucrose gradient. The tissue was subsequently embedded in optimal 

cutting temperature compound before being rapidly frozen by emersion in liquid nitrogen. Sagittal 16 µm 

cryosections were cut and thaw-mounted on SuperFrost slides (Menzel-Gläser, Braunschweig, 

Germany). Slide-mounted retina was rinsed in phosphate-buffered saline and blocked in 6% normal goat 

serum, 1% bovine serum albumin, 0.4% Triton-X100, and 0.05% thimesorol in phosphate-buffered 

saline for 1 hour at room temperature. Sections were subsequently incubated with the primary 

antibodies overnight at 4°C. A list of primary antibodies used in this study is shown in Table 7.2. All 

antibodies were obtained from commercial sources and were diluted in phosphate-buffered saline. 

Negative controls were included by omitting the primary antibody and these did not yield any staining 

patterns. Immunoreactivity was visualised using either goat anti-rabbit or goat anti-mouse IgG secondary 

antibodies conjugated to either Alexa488 or Cy3; except for glial fibrillary acidic protein (GFAP) which 

was pre-conjugated to Cy3. Sections were washed and cover slipped using Prolong Gold antifade 

reagent with 4',6-diamidino-2-phenylindole (Invitrogen, Eugene, OR) and sealed with nail polish. Slides 
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were viewed using an Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan). Informed 

consent was obtained from donor relatives and the tenets of the Declaration of Helsinki were upheld.  

 

Table 7.2. Primary antibodies used in this study. 

Antibody Host Source Dilution 

Calbindin D28K Mouse Sigma (C9848) 1:1000 

Calretinin Mouse BD Biosciences (610908) 1:1000 

Connexin43 Rabbit  Sigma (C6219) 1:2000 

GFAP-Cy3 Mouse Sigma (C9205) 1:1000 

Glutamine synthetase Mouse BD Biosciences (610518) 1:3000 

Islet-1 Mouse Hybridoma Bank 1:500 

Oligodendrocyte specific protein Rabbit Chemicon (ab7474) 1:500 

Parvalbumin Mouse Sigma (P3088) 1:500 

SMI32 Mouse Sternberger Monoclonals (SMI32) 1:1000 

von Willebrand factor Mouse Novocastra (NCL-vWF) 1:100 

 

7.4 RESULTS 

 

General observations 

 

Connexin43 immunoreactivity was detected in several locations in the human retina and optic nerve 

(Table 7.3). In the retina, strong labelling was detected in the retinal ganglion cell layer with moderate 

labelling present in the inner nuclear and plexiform layers. Beneath the neurosensory retina there was 

strong labelling in the retinal pigment epithelium and choroid. In the optic nerve there was abundant 

connexin43-immunoreactivity.  
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Table 7.3. Connexin43 immunoreactivity in the human retina and optic nerve. 

D
onor  

A
ge 

N
FL 

G
C

L 

IP
L 

IN
L 

O
P

L 

O
N

L 

P
h 

R
P

E
 

C
h 

O
N

 

     A
m

acrine 

cells 

B
ipolar cells 

H
orizontal 

cells 

M
üller cells 

      

1 29 ++ ++ + - - - + + + + ++ ++ +++ 

2 29 ++ ++ + - - - + - - + + +++ +++ 

3 36 +++ +++ - - - - + - + ++ ++ ++ +++ 

4 68 +++ +++ - - - - + + + ++ ++ +++ +++ 

5 72 +++ +++ + - - - + + ++ ++ ++ +++ +++ 

6 83 +++ +++ + - - - + + + + + +++ +++ 

 

NFL, nerve fibre layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, 

outer plexiform layer; ONL, outer nuclear layer; Ph, photoreceptor layer; RPE, retinal pigment 

epithelium; Ch, choroid; ON, optic nerve. 

-, no labelling; +, weak labelling; ++, moderate labelling; +++, strong labelling. 

  

Association of connexin43 immunoreactivity with retinal glia 

 

To determine the relationship between the expression of connexin43 and glial cells in the human retina, 

cryosections were double-labelled with connexin43 and GFAP, glutamine synthetase, or oligodendrocyte 

specific protein (Figure 7.1). The latter three are markers for astrocytes, Müller cells, and 

oligodendrocytes respectively. In the retinal ganglion cell layer connexin43 immunoreactive puncta were 

located almost exclusively along GFAP-positive astrocyte processes (Figure 7.1a). Where GFAP-

positive astrocyte processes extended into the inner plexiform layer these also colocalized with 

connexin43 immunoreactive puncta (Figure 7.1b). Additionally, connexin43 immunoreactivity was 

detected on Müller cells labelled with glutamine synthetase (Figure 7.1c). These specialised radial glial 

cells span the entire thickness of the retina from the inner to the outer limiting membrane.  Müller cells 
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labelled with connexin43 in the synaptic plexiform layers and both the inner and outer nuclear layers 

(Figure 7.1d). However, in the retinal ganglion cell layer it was difficult to determine whether connexin43 

immunoreactivity was present on Müller cells or retinal astrocytes. No oligodendrocyte specific protein-

labelled cells were detected in the retinas of any of the subjects examined (not shown).  

 

!!!! !

!!!! !

Figure 7.1. Double-labelled immunofluorescence patterns of connexin43 with glial cell markers in the 

human retina. (A) Connexin43 immunofluorescence was detected in the ganglion cell layer on GFAP-

positive astrocyte processes. (B)  Retinal astrocyte process extending through the inner plexiform layer 

co-localising with connexin43 immunoreactive puncta (arrowhead). (C and D) Faint connexin43 

immunoreactive puncta were observed in association with GS-labelled Müller cell processes in the 

synaptic plexiform layers and in both the inner and outer nuclear layers (arrowheads). Note the 
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D 

GCL 

INL 

ONL 

GCL 

INL 

ONL 

GCL 
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perinuclear connexin43 immunoreactivity in a subpopulation of nuclei in the ganglion cell and inner 

nuclear layers (white arrows). 

DAPI, 4',6-diamidino-2-phenylindole; CX43, connexin43; GFAP, glial fibrillary acidic protein; GS, 

glutamine synthetase; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, 

outer nuclear layer. Bar, 20 µm.  

 

Association of connexin43 immunoreactivity with vascular elements 

 

Blood vessels were visualised by incubation with von Willebrand factor (vWF), a glycoprotein 

synthesized exclusively by endothelial cells and megakaryocytes that is stored in intracellular granules 

or constitutively secreted into plasma. Connexin43 co-localized with vWF-positive cells in both the retinal 

and choroidal circulations (Figures 7.2 and 7.3). Within the retina, punctate connexin43 immunoreactivity 

was present on retinal blood vessels in the inner plexiform, inner nuclear, and outer plexiform layers 

(Figure 7.2).  
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Figure 7.2. Connexin43 immunofluorescence in retinal blood vessels. (A) Sagittal section of the nerve 

fibre layer and ganglion cell layer double-labelled with connexin43 and vWF. Strong connexin43 

immunoreactivity was observed in the inner vascular plexus. (B) Z-stack projection of a retinal capillary 

at the junction of the inner plexiform and inner nuclear layers (white arrows). Connexin43 

immunofluorescence was detected between walls of the vessel lumen labelled with vWF (arrowheads). 

(C and D) Outer vascular plexus. Connexin43 immunoreactivity exhibited a ‘tram-track’ pattern 

(arrowheads). 

 

DAPI, 4',6-diamidino-2-phenylindole; CX43, connexin43; vWF, von Willebrand factor; GCL, ganglion cell 

layer; INL, inner nuclear layer. Bar, 20 µm. 

 

In the choroidal circulation, connexin43 immunoreactivity was observed in capillaries similar to Figure 2 

and on endothelial cells of larger choroidal blood vessels (Figure 7.3). In addition, diffuse punctate 

labelling was present, most likely in association with connective tissue fibroblasts.  

 

D C 
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Figure 7.3. Connexin43 immunoreactivity in the retinal pigment epithelium and choroid. Strong 

connexin43 immunoreactivity was noted in the retinal pigment epithelium (arrowheads). In the choroid, 

connexin43 immunoreactivity was associated with endothelial cells of larger blood vessels and formed a 

radial spoke-like appearance (white arrow). Diffuse punctate connexin43 immunoreactivity was also 

present in the choroid, most likely in association with connective tissue fibroblasts.  

 

RPE, retinal pigment epithelium; BV, blood vessel. Bar, 20 µm. 

 

Association of connexin43 immunoreactivity with retinal neuronal and epithelial elements 

 

Double-labelling with cell specific neuronal markers was performed to determine whether retinal neurons 

express connexin43. No punctate connexin43 label suggestive of gap junctions was found to be 

associated with any of the neuronal specific markers calretinin, calbindin, parvalbumin, or islet-1. 

However, a small subpopulation of cell nuclei in the ganglion cell and inner nuclear layers were 

observed to have diffuse nuclear associated connexin43 label (Figure 1c).  Occasionally these nuclei 

were also calretinin positive. In the retinal pigment epithelium, immunostaining for connexin43 revealed 

a distinctive pattern. In this layer there was substantial punctate labelling at the margins of adjacent 

epithelial cells (Figure 3). 
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Connexin43 immunoreactivity in the optic nerve  

 

Within the optic nerve there was very strong connexin43 immunoreactivity. Connexin43 immunoreactive 

puncta and SMI32-positive retinal ganglion cell axons were compartmentalized into distinct bundles 

(Figure 7.4a). However, the connexin43 label did not appear to be associated with the nerve axons 

themselves but predominantly co-localized with GFAP-positive astrocytes (Figure 7.4b-d). Around optic 

nerve blood vessels and at the glial limitans, strong connexin43 immunoreactivity was observed. 

 

     

Figure 7.4. Connexin43 immunoreactivity in the human optic nerve. (A) Longitudinal section of the 

human optic nerve labelled with connexin43 and SMI32. Connexin43 immunoreactive puncta and SMI32 

positive axons were compartmentalised into distinct bundles. Strong connexin43 immunoreactivity was 
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present in association with the glial limitans (arrowhead). (B-D) Double-label immunohistochemistry with 

GFAP showing that connexin43 gap junctions are predominately astrocytic: connexin 43 (green); GFAP 

(red); co-localization (yellow).  

 

CX43, connexin43; GFAP, glial fibrillary acidic protein. Bar, 150 µm. 

 

7.5 DISCUSSION 

 

The present study establishes that connexin43 is expressed on glia, blood vessels, and epithelial cells in 

the human retina and optic nerve. The expression pattern in the human shows significant homology with 

other vertebrates. Janssen-Bienhold et al. characterized the distribution of connexin43 expression in five 

different vertebrates using immunoblotting and immunofluorescence microscopy.16 Connexin43 was 

found to be present in the retinal pigment epithelium of all test species and in blood vessels of 

vascularized retinas in the fish and rat.16 In the rat, connexin43 was also localized to the nerve fiber 

layer, most likely on astrocytes.16 Connexin43 immunolabelling has also been detected colocalized with 

GFAP in the ganglion cell layer of the mouse17 and the medullary ray region of the rabbit;18 suggesting 

that connexin43 is the major connexin protein of astrocytes in the mammalian retina. Glial connexin43 

immunoreactivity has been further characterized by Zahs et al. who demonstrated homotypic gap 

junction coupling between astrocytes and heterotypic coupling between astrocytes and Müller cells.19 

Injection of the gap-junction permeant tracer Lucifer yellow combined with simultaneous whole-cell patch 

recording has confirmed functional astrocyte-astrocyte and astrocyte-Müller cell coupling.20 Additionally, 

Müller cell end-foot processes are believed to be coupled via gap junctions at the internal and external 

limiting membranes.21, 22 Gold and Dowling reported connexin43 immunoreactivity on the external 

limiting membrane of the cane toad21 while Giblin and Christensen described a similar pattern in the 

catfish retina.22 This is supported by the work of Mobbs et al. who described strong electrical and dye 

coupling between Müller cells in the axolotl.23   In contrast to higher vertebrates, lower vertebrates show 

extensive coupling of Müller cells via connexin43.24  As the only glial cells in lower vertebrate retinas, 

Müller cells are thought to play an important role in K+ ion buffering by forming a functional syncytium 

mediated by connexin43 gap junctions.25 However, simultaneous whole-cell current-clamp recordings 

between glial cells in the isolated rat retina would suggest that gap junctions may permit the intercellular 
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spread of ions and small molecules, including messengers mediating Ca2+ wave propagation, but are too 

weak to carry significant K+ spatial buffer currents.26  

 

Vascular endothelial expression has been described in the retina of the rat and fish.16 This is consistent 

with the known expression of connexin43 in the aorta27 and coronary arteries28 of the rat. Electron 

microscopy and immunohistochemical studies have shown that connexin43 is predominately expressed 

on vascular smooth muscle cells.29  Although expression is also observed between endothelial cells, the 

density of connexin43 gap junctions is lower for junctional plaques between endothelial cells than for 

those between smooth muscle cells.29 The presence of endothelial cell-endothelial cell, smooth muscle 

cell-smooth muscle cell, and endothelial cell-smooth muscle cell coupling has been confirmed by 

ultrastructural studies.30 In addition, pericytes have been shown to express connexin43.31   

 

The role of gap junctions in blood vessels continues to be elucidated. It has been suggested that 

intercellular communication through gap junctions between smooth muscle and/or endothelial cells may 

mediate vasodilation and vasoconstriction through the integration of neural and endothelial signals 

across the vessel wall.32, 33 Additionally, gap junctions may allow the diffusion of second messenger 

molecules through vascular wall cells.32  Direct cell-to-cell communication via gap junction channels may 

be particularly important in the maintenance of vascular homeostasis in retinal capillaries.31 It has been 

shown that gap junction communication is influenced by cytokines such as TNF-α34 and that the release 

of such cytokines may trigger the loss of pericytes via apoptosis35 leading to increased vascular 

permeability. Furthermore, in conditions such as diabetes there is a significant increase in connexin43 

mediated junctional permeability in other vascular tissues.36  

 

The significance of diffuse connexin43 immunoreactivity surrounding a subpopulation of neuronal cell 

nuclei in the ganglion cell layer and inner nuclear layer is unclear. It is likely that this pattern of 

immunolabelling represents non-specific binding to an evenly distributed protein carrying a connexin43-

related epitope.16 In the human retina the inner nuclear layer contains horizontal, bipolar, and amacrine 

cell bodies.37 Horizontal cells form a single layer at the outer border of the inner nuclear layer while 

amacrine cells form a layer 2-3 cells deep adjacent to the inner plexiform layer.37 Gap junctions have 

been reported on several neuronal cell types in the mammalian retina and are believed to be critical for 
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rapid inter-neuronal communication and the integration and propagation of signals.22 Janssen-Bienhold 

et al. reported connexin43 expression on a subpopulation of amacrine cells in the zebrafish and 

horizontal cells in the carp retina.16 Giblin and Christensen observed infrequent labelling of the inner 

nuclear layer of the mouse.22 Connexin43 immunoreactivity has been reported in the plexiform layers 

and may represent synaptic interneuronal gap junctions.38 However, it is possible that the 

immunoreactivity observed in these studies is due to labelling of Müller cells passing through the 

plexiform layers. Further studies are therefore needed to confirm the presence of connexin43 gap 

junction coupling between retinal neurons in the inner and outer plexiform layers.  

 

Connexin43 expression has been reported on epithelial cells in the vertebrate retina. 16 Extensive gap 

junction expression was observed between cells of the retinal pigment epithelium. This is consistent with 

findings in the rat, mouse, rabbit, chicken, turtle, carp, and zebrafish.16  Retinal pigment epithelial cells 

have been shown to be coupled using Lucifer yellow injections in cultured cells of the chick embryo.39  

Furthermore, cultured rat retinal pigment cells have been shown to propagate Ca2+ waves and this 

propagation can be inhibited by the gap junction blocker halothane.40 It has been suggested that this 

junctionally coupled epithelial syncytium may also function as a spatial buffering system for extracellular 

potassium in the outer retina.16 

 

In the optic nerve connexin43 immunoreactivity was observed in a diffuse and granular pattern 

corresponding with astrocyte processes. This is consistent with studies in the rat that have demonstrated 

connexin43 on type 1 but not type 2 astrocytes.41 The increased connexin43 immunoreactivity observed 

at the edge of the nerve likely represents increased numbers of astrocyte processes forming a barrier at 

the pia mater.38 Connexin43 has been reported on oligodendocytes in the adult rabbit retina, although 

connexin32 is considered to be the predominant connexin on these cells.42 

 

There is a paucity of information regarding the role of connexin43 in the retina and optic nerve; central 

nervous system research may provide insights into retinal and optic nerve disease. Alterations in 

connexin43 expression levels have been described following stroke,43 brain ischaemia,44-46 traumatic 

brain injury,47 and spinal cord injury.8, 9, 48, 49 Modulation of connexin43 expression has been shown to be 

neuroprotective in both brain and spinal cord disease models. Frantseva et al. demonstrated that acute 
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knock down of connexin43 using antisense oligodeoxynucleotides reduced cell death using an in vitro 

model of traumatic brain injury.6 Similarly, partial reduction of connexin43 expression decreased cell 

death in an in vitro model of ischaemia-induced brain damage.50 In the spinal cord, O’Carroll et al. 

showed that connexin43 mimetic peptides reduce swelling, astrogliosis, and neuronal cell death after 

spinal cord injury.8 This is consistent with the findings of Cronin et al. who, using a different method of 

connexin43 modulation, demonstrated reduced inflammation and improved functional recovery after 

spinal cord injury in rats.9 A similar down-regulation of inflammation has been observed in the optic 

nerve.51 Danesh-Meyer et al. found that connexin43 antisense oligodeoxynucleotide treatment down-

regulates the inflammatory response in an in vitro interphase organotypic culture model of optic nerve 

ischaemia.51 However, some authors have reported that gap junction blockade may be deleterious 

following central nervous system injury.52, 53 Therefore, further studies are required to elucidate the 

neuroprotective or neurotoxic effects of gap junction modulation.  

 

7.6 CONCLUSIONS 

 

In summary, these results show widespread expression of connexin43 in the human retina and optic 

nerve and can be used as a basis for comparison with disease. Because of their importance to the 

maintenance of extracellular homeostasis and inter-cellular communication, tracking them may be useful 

in understanding the pathogenesis of diseases of the retina and optic nerve. Modulation of connexin43 

expression may represent a potential neuroprotective target to minimize injury to the optic nerve and 

retina. 
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8.1 ABSTRACT 

 

Purpose. Primary open angle glaucoma is characterised by the progressive and irreversible death of retinal 

ganglion cells. Experimental evidence suggests that the initial site of injury to the retinal ganglion cell is at or 

near the lamina cribrosa or in the peripapillary retina. However, the mediators of axonal injury remain poorly 

understood. The purpose of this study was to investigate the expression of the gap junction protein 

connexin43 (GJA1) in the human glaucomatous optic nerve head and retina as a potential mediator of 

axonal injury.  

 

Methods. Using affinity isolated polyclonal antibodies to the C-terminal segment of human connexin43, the 

expression of connexin43 was determined in post-mortem human eyes with primary open angle glaucoma 

and age-matched controls.  

 

Results. In normal eyes, connexin43 was present on glial fibrillary acidic protein (GFAP)-positive astrocytes 

in the retinal ganglion cell layer and optic nerve head. In glaucomatous eyes, increased connexin43 

immunoreactivity was observed at the level of the lamina cribrosa and in the peripapillary and mid-peripheral 

retina in association with glial activation.  

 

Conclusion. This novel finding may suggest that gap junction communication is a potential mediator of 

retinal ganglion cell injury in glaucoma.  
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8.2 INTRODUCTION 

 

In chapter 6 it was seen that retinal ischaemia produces a marked upregulation in connexin43 expression in 

association with glial activation in a rat model. In chapter 7 the normal expression pattern of connexin43 was 

determined and it was shown that there is significant homology between the rat and human. In this chapter, 

alterations in connexin43 expression with human disease were explored. Due to known glial activation and 

possible role of ischaemia in glaucoma, it was elected to study connexin43 expression in human eyes with 

glaucomatous optic neuropathy.     

 

Primary open angle glaucoma is a disease characterised by the progressive death of retinal ganglion cells 

with associated changes in optic disc morphology and visual field deficits.1 Experimental evidence suggests 

that the initial site of injury to the retinal ganglion cell axon is at the level of the lamina cribrosa in the optic 

nerve head or in the peripapillary retina.2 The initial mechanism of injury is unknown but may include 

mechanical compression, ischaemia/hypoxia, glial activation, autoimmune disease, generation of reactive 

oxygen species, or nitric oxide production.3 Furthermore, the cellular mediators through which these insults 

lead to irreversible retinal ganglion cell death remain poorly understood. The identification of cellular 

mediators is important because these pathways may represent novel therapeutic targets, irrespective of the 

initial mechanism of injury.4  

 

There is accumulating evidence that glial activation plays an important role in glaucomatous 

neurodegeneration.5-10 Astrocytes are the most prevalent glial cell type in the optic nerve head and retina. 

These cells provide mechanical and biological support for retinal ganglion cells, regulating the extracellular 

concentration of potentially neurotoxic substances, maintaining extracellular ion homeostasis, and buffering 

oxidative stress. In glaucoma, astrocytes in the optic nerve head and retina exhibit an activated phenotype 

characterised by hypertrophy, increased expression of glial fibrillary acidic protein,9, 11 and changes in gene 

expression involved in signal transduction, cell proliferation, cell adhesion, and extracellular matrix 

synthesis.5 These changes may create a non-supportive microenvironment for retinal ganglion cell axons, 

leading to retinal ganglion cell degeneration.  
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From experimental studies, there is increasing evidence that gap junction communication between reactive 

astrocytes may be a mediator of neuronal death in the central nervous system.12-14 Gap junctions are 

intercellular channels that permit direct intercellular communication through the bidirectional movements of 

ions, metabolites, and second messengers between neighbouring cells.15 These channels play an important 

role in maintaining local metabolic homeostasis and synchronising cellular activity. Each gap junction is 

formed by the docking of two hemichannels embedded in the plasma membranes of adjacent cells.16 These 

hemichannels are formed by the oligomerization of six protein subunits termed connexins and provide a low-

resistance pathway for current flow and the exchange of small cytoplasmic molecules up to 1 kDa in size.15 

Connexins are designated by their estimated molecular weight and to date 21 isoforms have been identified 

from at least four subgroups of a single gene family, ranging from 26 to 60 kDa.17 Following injury to the 

central nervous system, open gap junctions may allow the passage of apoptotic and necrotic signals to 

adjacent cells thereby increasing cell death.18-26 Gap junction modulation has been identified as a potential 

neuroprotective target and recently it has been shown that gap junction inhibitors protect retinal 

neurosensory cells from ischaemia in a cell culture model.27 

 

Connexin43 is the most abundant gap junction protein in the central nervous system and is primarily 

expressed on astrocytes.  Alterations in connexin43 expression have been described following acute injury 

to the central nervous system28-34 and in a variety of degenerative35, 36 and inflammatory diseases,37 

suggesting a role in the pathogenesis of neuronal damage. Furthermore, modulation of connexin43 

expression has been shown to reduce neuronal death following traumatic and ischaemic injury to the brain18 

and spinal cord.20 The expression pattern of connexin43 has recently been reported in the human retina and 

optic nerve head,38 however there is a paucity of knowledge regarding the expression of connexin43 in optic 

nerve diseases such as glaucoma.  The purpose of this study was to investigate the expression of the gap 

junction protein connexin43 (GJA1) in the human glaucomatous optic nerve head and retina as a potential 

mediator of axonal injury.  
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8.3 METHODS 

 

Donors 

 

Two post-mortem human eyes with a diagnosis of primary open angle glaucoma (donor age 70 and 86 

years) and three eyes from age-matched normal donors (donor age 68-83 years) 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. Primary open angle glaucoma was defined as an intraocular 

pressure greater than 21 mmHg before treatment, glaucomatous optic disc appearance associated with a 

corresponding and reproducible visual field defect, and no history of any other ocular disease that could 

cause an increase in intraocular pressure. The clinical findings of glaucomatous donors were well 

documented and included intraocular pressure readings, optic disc assessments, and visual field testing. 

Donors with primary open angle glaucoma were receiving medication to lower intraocular pressure and 

normal donors had no history of eye disease or diabetes. 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 myocardial infarction.  

 

Tissue preparation 

 

Eyes were enucleated within 24 hours after death. The posterior poles were dissected free of surrounding 

tissues and fixed in 1% paraformaldehyde for 30 minutes. Fixed tissue was washed thoroughly in phosphate 

buffered saline (PBS; Oxoid, England) and cryoprotected overnight in sucrose at 4°C. Following 

cryoprotection, tissue was embedded in Optimal Cutting Compound (Miles Inc., Elkhart, IN) and rapidly 

frozen by emersion in liquid nitrogen. Serial sagittal 16 µm sections were cut using a Microm HM550 

Cryostat (Thermo-Scientific, Waltham, MA) and thaw-mounted on SuperFrost slides (Menzel-Gläser, 

Braunscchweig, Germany). 

 

Immunohistochemical analysis 

 

Connexin43 was identified using polyclonal antibodies to the C-terminal segment of the cytoplasmic domain 

of human connexin43 (C6219; Sigma, Munich, Germany) at a working dilution of 1:2000 in PBS. Slides 
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containing sections were washed in PBS and blocked in 6% normal goat serum, 1% bovine serum albumin, 

0.4% Triton-X100, and 0.05% thimerosal in PBS for 1 hour at room temperature, to reduce non-specific 

background immunofluorescence. Following washing in PBS, sections were incubated with the primary 

antibodies overnight at 4°C. Immunoreactivity was visualised using either goat anti-rabbit or goat anti-mouse 

IgG secondary antibodies conjugated to either Alexa488 or Cy3; except for glial fibrillary acidic protein 

(GFAP) which was preconjugated to Cy3 (C9205; Sigma, Munich, Germany).  Sections were incubated with 

the secondary antibodies of the appropriate species for 2 hours at room temperature. All antibodies were 

obtained from commercial sources and incubation steps were performed in a moist chamber. Negative 

controls were included by omitting the primary antibody. Slides were then washed and cover slipped using 

Prolong Gold antifade reagent with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen, Eugene, OR) and 

sealed with nail polish. Sections from glaucomatous and normal donor eyes were stained simultaneously to 

control against potential variations in immunostaining between runs.  

 

To investigate cellular localisation of connexin43 to different optic nerve head and retinal cell types, double 

immunofluorescence labelling was performed using cell specific markers. Glial fibrillary acidic protein 

(GFAP) is an intermediate filament protein predominantly expressed in macroglial cells. To identify Müller 

cells, antibodies against glutamine synthetase were used (610518; BD Biosciences, San Jose, CA). Blood 

vessels were identified using antibodies against von Willebrand factor (NCL-vWF; Novocastra, Newcastle 

upon Tyne, United Kingdom), a glycoprotein synthesized by endothelial cells and megakaryocytes.  

 

Slides were examined independently by two masked examiners using an Olympus FV1000 confocal 

microscope (Olympus, Tokyo, Japan). The intensity of immunostaining was graded qualitatively as negative 

(-), weak (+), moderate (++), strong (+++), and very strong (++++) using at least four histologic sections from 

each donor eye. The following areas were examined: prelaminar, laminar, and post-laminar optic nerve 

head; and peripapillary and mid-peripheral retina. To minimise the effect of varying retinal morphology with 

differing eccentricity from the optic nerve head, all retinal images in glaucomatous and normal donor eyes 

were taken from regions equidistant from the optic disc. All images were recorded and analysed digitally 

using Olympus FluoView software (Olympus, Melville, NY).  
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8.4 RESULTS 

 

Connexin43 immunoreactivity in the normal and glaucomatous human optic nerve head 

 

General comments. There was significant interobserver agreement between examiners (median kappa value 

0.7). In glaucomatous eyes, there was a noticeable increase in immunostaining for connexin43 in lamina 

cribrosa compared to age-matched controls (Figure 8.1). A comparison of the immunostaining patterns is 

shown in Table 8.1. 

 

!!!!!! !
 

Figure 8.1. Immunolocalisation of connexin43 in the normal (A) and glaucomatous (B) human optic nerve 

head.  In normal eyes, connexin43 immunoreactive puncta formed a horizontally orientated band that 

localized to the cribriform plates. In glaucomatous eyes, there was a marked increase in the intensity of 

connexin43 immunoreactivity in the lamina cribrosa.  

 

DAPI, 4',6-diamidino-2-phenylindole; CX43, connexin43; GFAP, glial fibrillary acidic protein; PL, prelaminar 

region; LC, lamina cribrosa; PoL, post-laminar region. Scale bar, 300 µm.  
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Table 8.1. Connexin43 immunoreactivity in the normal and glaucomatous human optic nerve head and 

retina. 

   Optic nerve head Retina 

Donor Age Diagnosis PL LC PoL Peripapillary 

GCL 

Mid-

peripheral 

GCL 

1 68 Normal ++ ++ ++ +++ ++ 

2 72 Normal ++ ++ ++ +++ + 

3 83 Normal ++ ++ +++ +++ ++ 

4 70 Glaucoma + ++++ +++ ++++ +++ 

5 86 Glaucoma + +++ +++ ++++ ++ 

 

PL, prelaminar region; LC, lamina cribrosa; PoL, post-laminar region; GCL, ganglion cell layer. Labelling: -, 

none;+, weak;  ++, moderate;  +++, strong;  ++++, very strong. 

 

Prelaminar region. In the prelaminar region of the optic nerve head from normal eyes, connexin43 

immunoreactive puncta formed a distinctive linear pattern (Figure 8.2A), colocalizing with vertically 

orientated glial columns labelled with GFAP (Figure 8.3A). Faint connexin43 immunoreactivity was also 

observed surrounding blood vessels and lining the vitreous surface. Comparing the prelaminar region from 

normal donors with that of patients with glaucoma, there was a loss of punctate connexin43 labelling in the 

prelaminar region in glaucomatous tissue (Figure 8.2B). These changes were accompanied by loss of the 

columnar appearance of the glial columns and increased GFAP labelling of astrocytes (Figure 8.3B). In 

glaucomatous eyes, astrocytes were hypertrophic and exhibited a rounded morphology.  

 



 231 

      

      

     

D 

A B 

C 

E F 

bv 

Figure 8.2. Immunolocalisation of connexin43 in the human optic nerve head. Left, 

normal; right, primary open angle glaucoma. A and B, pre-laminar region; C and D, 

lamina cribrosa; E and F, post-laminar region. 
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Laminar cribrosa. In the lamina cribrosa of normal eyes, connexin43 immunoreactivity was observed forming 

a horizontally orientated band that localized to the cribriform plates (Figure 8.2C). GFAP labelling revealed 

thin astrocytic processes arranged in a lamellar pattern in normal eyes (Figure 8.3C). In donor eyes from 

patients with primary open angle glaucoma, there was a marked increase in the intensity of connexin43 

immunoreactivity in the lamina cribrosa (Figure 8.2D). Astrocytes in this region exhibited a rounded, 

hypertrophied morphology, and stained intensely for GFAP (Figure 8.3D).  
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Figure 8.3. Immunohistochemistry for GFAP in the human optic nerve head. Left, normal; 

right, primary open angle glaucoma. A and B, pre-laminar region; C and D, lamina cribrosa; E 

and F, post-laminar region. BV, blood vessel. Arrows indicate pial septa. 
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Post-laminar region. In the post-laminar region of eyes from normal donors, connexin43 

immunoreactivity was observed lining meningeal surfaces (Figure 8.2E), co-localized to astrocytes lining 

the pial septa (Figure 8.3E). In addition, connexin43 labelling was present around blood vessels in the 

optic nerve. Although not as dramatic as the changes in the laminar cribrosa, there was a slight increase 

in connexin43 immunoreactivity in astrocytes lining the pial septa immediately adjacent to the lamina 

cribosa and surrounding blood vessels in glaucomatous eyes (Figure 8.2F, Figure 8.3F).  

 

Connexin43 immunoreactivity in the normal and glaucomatous human retina 

 

In retinas from normal donors, immunohistochemical analysis using a polyclonal antibody to the C-

terminal segment of the cytoplasmic domain of human connexin43 demonstrated punctate connexin43 

immunoreactivity in the retinal ganglion cell layer (Figure 8.4). In this layer, connexin43 immunoreactive 

puncta co-localised almost exclusively with GFAP, a cytoskeletal marker for astrocytes. In addition, 

occasional faint connexin43-immunoreactive puncta were observed on glutamine synthetase-positive 

Müller cell processes. Double labelling with von Willebrand factor demonstrated connexin43 labelling of 

endothelial cells lining retinal blood vessels in the inner and outer vascular plexuses.  

 

In glaucomatous retinas, connexin43 immunoreactivity in the retinal ganglion cell layer was increased in 

both the peripapillary and mid-peripheral retina compared to controls (Figure 4). Connexin43 

immunoreactive puncta in this layer labelled more intensely and were increased in number. These 

changes were associated with alterations in retinal astrocyte morphology and immunolabelling 

characterised by hypertrophy and increased GFAP labelling. Additionally, connexin43 immunoreactivity 

was observed on GFAP-positive processes spanning the entire thickness of the retina in the 

peripapillary region. Based on morphological appearance and immunostaining patterns, these cells are 

likely activated Müller cells. There were no significant changes observed in the pattern or intensity of 

connexin43 labelling of retinal vessels in glaucomatous retinas. 
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!!!!!!!!!!!
8.5 DISCUSSION 

In the present study, a significant increase in connexin43 immunoreactivity was demonstrated in the 

glaucomatous human optic nerve head and retina. In the optic nerve head, increased immunoreactivity 

was observed in the lamina cribrosa. In addition, increased connexin43 immunoreactivity was evident 

surrounding blood vessels in the optic nerve head. In contrast, there was no significant change observed 

in the pattern or intensity of connexin43 labelling surrounding blood vessels in the retina of 

glaucomatous eyes. In both the peripapillary and midperipheral retina, connexin43 immunoreactivity was 

increased in the retinal ganglion cell layer. Double label immunohistochemistry, combined with confocal 

microscopy, showed that increased connexin43 immunoreactivity was almost exclusively associated 

with glial activation in both the optic nerve head and retina.  

 

These findings are consistent with previous studies that have demonstrated glial activation in 

experimental glaucoma39-45 and human primary open angle glaucoma.46-49 In a chronic mouse model of 

glaucoma, Inman and Horner showed upregulation of GFAP in retinal astrocytes and Müller cell 

populations using immunohistochemistry, Western blotting, and quantitative polymerase chain 

reaction.39 Similarly, Wang et al. reported an increase in GFAP expression in an experimental model of 

glaucoma induced by cauterizing limbal-derived veins in male Wistar rats.40 Using the same model, 

Kanamori et al. described an increase in GFAP immunoreactivity in Müller cells but not astrocytes in flat 

mounted retinas.41 Glial activation has been reported in the human glaucomatous optic nerve head and 

retina.46-49 In the prelaminar region of the optic nerve head, Wang et al. showed increased GFAP 

immunoreactivity in glaucomatous eyes compared to normal donors using immunohistochemical 

techniques.47 In addition, stronger GFAP immunoreactivity was observed in glial cells within the ganglion 

cell layer at all eccentricities from the optic nerve head.47 Consistent with the present study, Müller cells 

in the peripapillary area of some glaucomatous eyes were observed to label with GFAP.47  Reactive glial 

changes have also been described in the lamina cribrosa of human glaucomatous eyes.46 Varela and 

Hernandez reported astrocyte hypertrophy and intense GFAP staining in the lamina cribrosa of eyes 

with primary open angle glaucoma.46 Importantly, these astrocytes remained active, even in the end 

stages of chronic disease.46   

 

B 

GCL 
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C 
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The role of glial activation in the pathogenesis of glaucoma remains poorly understood. Astrocytes are 

the major glial cell type in the non-myelinated optic nerve head. Under normal conditions, these cells 

provide metabolic and structural support for retinal ganglion cell axons, supplying energy substrate and 

maintaining extracellular pH and ion homeostasis in the periaxonal space.50 Following injury and in 

disease, astrocytes exhibit an activated phenotype.51 This response is characterised by a hypertrophic 

morphology and increased expression of GFAP. Additionally, reactive astrocytes increase the synthesis 

of a variety of cell surface molecules, growth factors, cytokines, and receptors.5 Glial activation may alter 

the microenvironment at the site of injury leading to axonal injury and retinal ganglion cell degeneration. 

Alternatively, these changes may be an attempt to preserve the integrity of neural tissues.  

 

The effectors of glial-mediated neuronal injury continue to be identified. In a rodent model of glaucoma 

induced by translimbal diode laser of the trabecular meshwork, Martin et al. demonstrated diminished 

glutamate reuptake by activated glial cells.52 In addition, Tezel and Wax showed that activated glial cells 

produce the cell death mediators TNF-alpha and nitric oxide in a cell culture model.53 Another mediator 

of neural injury receiving increasing attention is gap junction communication. The present study 

establishes that activated glial cells upregulate the gap junction protein connexin43 in primary open 

angle glaucoma.  

 

Upregulation of connexin43 has been described in several neurodegenerative diseases. In mesial 

temporal lobe epilepsy, a neurodegenerative disease characterised by reactive astrocytic proliferation in 

the hippocampus, Fonseca et al. found a highly significant increase in astrocytic connexin43 protein 

levels.54 In a separate study, Nagy et al. reported increased expression of connexin43 at the site of 

amyloid plaques in Alzheimer’s disease associated with reactive astrocytes,55 and Vis et al. have 

described increased conneixn43 expression in conjunction with astrocytosis in the caudate nucleus of 

Huntington diseased human brain.36 Parkinson’s disease is a common neurodegenerative disease 

caused by the loss of dopaminergic neurons in the substantia nigra-striatum. In a 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-model of Parkinson’s disease, an increase in connexin43 expression 

was observed in the striatum.35 Alterations in connexin43 expression have also been described in other 

neuropathological conditions including ischaemic stroke,18, 28, 56 traumatic brain injury,32 and glioma.57 
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These observations may suggest a role for connexin43 in the pathogenesis of neurodegeneration 

following central nervous system injury.   

 

To elucidate the role of connexin43-mediated gap junction communication in neuronal injury, various 

methods have been employed to modulate connexin43 expression. Using an antisense 

oligodeoxynucleotide approach, Frantseva et al. reported decreased neuronal cell death in an in vitro 

model of traumatic brain injury.18 Similarly, gap junction blockade reduced infarct volume in a rodent 

model of stroke.22 In the spinal cord antisense oligodeoxynucleotide suppression of connexin43 up-

regulation reduced inflammation and improved functional recovery following spinal cord injury.21 Taken 

together, these studies suggest that connexin43 upregulation may have neurodestructive consequences 

in central nervous system disease.  

 

It is postulated that open gap junctions allow the intercellular diffusion of necrotic and apoptotic signals 

from injured cells to healthy cells, thereby amplifying cell injury.23 This hypothesis is supported by 

several lines of evidence. In an elegant series of experiments, Asklund et al. provided evidence for the 

existence of the gap junction-mediated bystander effect in primary cultures of human malignant glioma 

cells.58 It has been documented that herpes simplex virus type 1 thymidine kinase-expressing cells 

incubated with ganciclovir induce cytotoxicity in neighbouring cells.59 Asklund et al. reported that the gap 

junction inhibitor alpha-glycyrrhetinic acid reduced cell death in human glioblastoma cell cultures 

transfected with the HSVtk gene, suggesting that gap junction communication is a mediator of the 

bystander effect by permitting the transfer of toxic metabolites of ganciclovir from transfected cells to 

untransfected ones.58 Alternatively, gap junctions may allow the diffusion of ions and other survival 

modulating factors from healthy to injured cells, thereby contributing to cell survival. In embryonic rat 

hippocampal cell cultures, uncoupling of gap junctions increased neuronal vulnerability to oxidative 

injury.60 Furthermore, blockade of gap junction coupling increased glutamate-mediated neurotoxicity in 

neuron-astrocyte co-cultures.61 However, these studies used non-specific gap junction blockers that also 

interfere with chemical synapses, thereby confounding the results.  

 

The role of connexin43 in the pathogenesis of optic nerve and retinal disease remains relatively 

unexplored. Alterations in connexin43 levels have been described in several in vitro62 and in vivo63, 64 
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models of optic nerve disease. Additionally, using real time quantitative PCR Hernandez et al. 

demonstrated higher levels of GJA1 gene expression in astrocytes from glaucomatous human optic 

nerve heads compared to age matched controls.65 In the optic nerve head astrocytes are coupled via 

gap junctions, allowing propagation of extracellular cues to obtain coordinated responses. Under 

exposure to elevated pressure in vitro, astrocytic gap junctions close via activation of the epidermal 

growth factor pathway.66 It is postulated that this closure of gap junctions may interrupt the continuity of 

astrocyte intercellular communication resulting in loss of cell-to-cell contact and impaired homeostatic 

regulation.66 However, little is known about the response of connexin43 in vivo, particular in human eye 

disease. In a rodent model of elevated intraocular pressure, Johnson et al. reported loss of connexin43 

immunoreactivity in the transition region (equivalent to the lamina cribrosa in humans) of the optic nerve 

head.63 This observation may reflect the inherent differences between animal models and human 

disease. To date, the only study to investigate the effect of gap junction modulation on optic nerve 

disease is by Danesh-Meyer et al.62 In an in vitro interphase organotypic culture model of optic nerve 

ischaemia, connexin43 antisense oligodeoxynucleotide treatment significantly down regulated the 

inflammatory response.62 This finding is consistent with studies of spinal cord injury20 and may suggest 

that gap junction modulation is a potential therapeutic target for diseases of the optic nerve. Further 

studies are warranted to investigate the effect of gap junction modulation on retinal ganglion cell death 

following optic nerve injury.  

 

Another potentially important consequence of connexin43 upregulation in glaucomatous eyes may be 

associated with its role in the maintenance of perivascular barriers. There is increasing evidence that 

perivascular barriers are weakened in glaucomatous eyes. Patients with glaucoma exhibit vascular 

leakage on fluorescein angiography67 and peripapillary chorioretinal atrophy is associated with areas of 

blood-retinal barrier breakdown.68 Furthermore, optic disc haemorrhages may represent areas of 

perivascular barrier dysfunction at the edge of the optic nerve head in glaucoma.69 Potentially, 

breakdown of the blood-retinal barrier may alter the extracellular mileu and permit the extravasation of 

circulating peptides, such as the potent vasoconstrictor endothelin-1.70 This may explain why patients 

with increased plasma levels of endothelin-1 are at greater risk of progression.71 In the present study, 

connexin43 was found to be upregulated in vessels of the optic nerve head. In models of spinal cord 

injury, upregulation of connexin43 has been reported in the walls of small blood vessels within the white 



Section III  Chapter 8 
!

 240 

matter as early as 6 hours after injury.21 This vascular upregulation is associated with increased vessel 

permeability and the recruitment of neutrophil leucocytes, both of which may modify neuronal and 

astrocytic function.21 Treatment with connexin43 antisense oligodeoxynucleotides has been shown to 

reduce both extravasation of intravenously injected fluorescently-labelled bovine serum albumin and the 

recruitment of neutrophil leucocytes in vivo.21 The mechanisms underlying increased vascular 

permeability remain unclear.  

 

8.6 CONCLUSIONS 

 

In summary, this study demonstrates upregulation of the gap junction protein connexin43 in the optic 

nerve head and retina of patients with primary open angle glaucoma. This novel finding warrants further 

investigation in both animal models and human studies to elucidate its role in the pathogenesis of 

glaucoma. 
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9.1 INTRODUCTION 

 

This chapter summarises the key information gained from the studies in this thesis and 

outlines how these findings advance human knowledge and develop new insights into retinal 

disease. The findings of this thesis are integrated with current theory and new hypotheses 

and areas for further research arising from this work are discussed.   

 

The field of neuroscience has undergone a reawakening regarding gap junction-mediated 

intercellular communication.1 Following more than 30 years of sporadic reports, there has 

been a recent surge in the number of studies investigating gap junctional communication.1, 2  

Recent progress has been made possible by advances in immunocytochemical approaches 

and the development of high-resolution confocal microscopy systems.1 These technologies 

have permitted the level of analysis required to study the anatomical organisation, local 

regulation, and expression of connexin at the cellular level, furthering our knowledge of 

connexins in health and disease.3  

 

This series of related studies has provided a deeper understanding of connexin43 in retinal 

ischaemia and in the normal and diseased human eye. These studies add to the scientific 

pool of knowledge, address several unanswered questions, and provide the foundation for 

future research.      

 

9.2 CONNEXIN43 EXPRESSION FOLLOWING RETINAL ISCHAEMIA (Chapter 6) 

 

Retinal ischaemia is a common cause of visual impairment and blindness worldwide.4 In 

many cases, visual impairment is profound and treatment options are limited. Retinal 

ischaemia initiates a complex sequence of events that ultimately lead to retinal ganglion cell 

death. An understanding of the pathophysiology of these events may lead to the development 

of new therapeutic targets.  
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Recently, connexin43 gap junctions and hemichannels have been found to influence 

ischaemia-induced neuronal injury in the central nervous system.5, 6 Because the retina is part 

of the central nervous system and transient retinal ischaemia shares many similarities with 

transient cerebral ischaemia,7 it was elected to study connexin43 in transient retinal 

ischaemia.  

 

The specific aim of this study was to qualitatively and quantitatively analyse the spatial and 

temporal expression of connexin43 following retinal ischaemia reperfusion injury, and to 

correlate these observations with glial response, vascular permeability, and retinal ganglion 

cell death. 

 

To achieve this aim, an animal model of retinal ischaemia was used. The retinal ischaemia-

reperfusion model has been extensively studied and is an ideal model for studying ischaemia-

induced neuronal damage.8 The model is reproducible and permits the qualitative and 

quantitative assessment of changes in protein expression.8 Using immunohistochemical 

techniques and confocal microscopy, connexin43 expression was determined and correlated 

with reactive astrocytosis, blood vessel integrity, and retinal ganglion cell death. 

 

These studies found that retinal ischaemia induces a significant upregulation of connexin43 

immunoreactivity in both ischaemic and contralateral retinas, although far more significantly in 

injured retinas. In ischaemic eyes, connexin43 immunoreactivity was significantly increased in 

the ganglion cell layer and nerve fibre layer at 8 hours post ischaemia followed by a 

secondary increase at 14 days, colocalising with activated retinal astrocytes and Müller cells. 

In the inner retinal layers, connexin43 was upregulated at 4, 8, and 24 hours post-ischaemia 

and colocalised with retinal vascular endothelial cells. Interestingly, connexin43 

immunoreactivity in the contralateral retina was significantly increased in the ganglion cell 

layer and nerve fibre layer at 8 and 24 hours post ischaemia and 4 hours in the inner retinal 

layers. These changes were associated with significant vascular disruption and leakage. 

Extravascular dye leakage was observed within an hour of reperfusion, peaked at 4 hours 

post-ischaemia, and continued at 24 hours post-ischaemia. Vascular leak correlated with 
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discrete, localised regions of astrocytosis and Müller cell activation. Subsequently, significant 

retinal ganglion cell death was observed in the ischaemic eye at day 21 with a trend towards 

retinal ganglion cell loss in the contralateral eye. 

 

This study provides new information on the pathophysiology of retinal ischaemia and, as the 

retina is part of the central nervous system, may potentially be extrapolated more broadly to 

central nervous system ischaemia.9 These results suggest that connexin43 gap junction 

communication and/or hemichannel activity may be a mediator of vascular permeability, 

inflammation, and subsequent retinal ganglion cell death.  

 

These results show that the response of the retina to ischaemia-reperfusion is similar to other 

parts of the central nervous system. In the retina, as well as the brain and spinal cord, 

ischaemia-reperfusion results in increased vascular permeability and neuronal 

degeneration.10-12 These findings are consistent with other studies. By using transient 

ischaemia followed by reperfusion to model ischaemic retinal disease, Abcouwer et al. 

showed that vascular permeability was increased after 4 and 48 hours.13 Earlier studies have 

also shown blood-retinal barrier breakdown following experimental retinal ischaemia-

reperfusion.11 Using contrast-enhanced magnetic resonance imaging, Wilson et al. showed 

diffuse leakage following retinal ischaemia-reperfusion and demonstrated that this leakage is 

an on-going process, being evident 57 days following injury in two of the three eyes they 

examined.11 Increased vascular permeability following retinal ischaemia is associated with 

capillary degeneration, with apoptosis of endothelial cells known to occur within the retinal 

vasculature following ischaemia-reperfusion.14 

 

The present study sheds light on possible mechanisms for increased vascular permeability 

following ischaemia-reperfusion. This has implications for the treatment of diseases in which 

ischaemia is implicated in the pathogenesis including retinal artery/vein occlusions, diabetic 

retinopathy, and glaucoma. In this study, loss of vascular integrity following retinal ischaemia-

reperfusion was associated with a significant upregulation of connexin43 in vascular 

endothelial cells.  
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Connexin43 may modulate vascular permeability through a number of mechanisms. 

Connexin43 is extensively expressed on the end-foot processes of astrocytes that encircle 

vessels within the central nervous system. This extensive astrocyte coupling creates a tunnel 

around blood vessels that allows the propagation of calcium waves.15 Astrocyte-endothelial 

cell calcium signals are conveyed through both an intracellular pathway involving gap 

junctions and an extracellular pathway that may be mediated by hemichannel release of 

substances such as ATP.16 It is known that calcium signalling in astrocytes at the blood-

retinal barrier is involved in regulation of local blood flow.15, 17 Additionally calcium waves 

induce cytokine production and release, leading to loss of vascular integrity.18  

 

Furthermore, connexin43 may alter vascular integrity through effects on tight junctions 

between endothelial cells.19 It has been demonstrated that connexin43 colocalises with tight-

junction molecules occludin, claudin-5, and ZO-1.19 Gap junction blockers alter the barrier 

properties of endothelial cells, suggesting that connexin43-based gap junctions may be 

involved in the maintenance of endothelial barrier function.19   

 

Connexin43 may be involved directly in endothelial cell loss. It is recognised that hypoxia 

results in endothelial cell loss with subsequent loss of vascular integrity.20 In the present 

study, connexin43 was upregulated on endothelial cells following ischaemia. Upregulation of 

connexin43 has been shown to result in cell swelling and lysis under certain conditions, while 

downregulation of connexin43 significantly reduces cell swelling.21-24 

 

The novel findings in this study open up significant avenues for research into reducing or 

minimizing vascular leakage in ischaemic retinal conditions. Diabetic retinopathy and central 

retinal vein occlusion are leading causes of visual loss in people of working age.25 In these 

conditions, macular oedema from loss of vascular integrity is a significant but potentially 

reversible cause of visual loss.25 There is therefore a need for further studies to investigate 

whether gap junction modulation reduces vascular leakage. It has been shown that elevation 

of connexin43 in small blood vessels is associated with vascular disruption and leakage 
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following spinal cord injury and that suppression of connexin43 upregulation with antisense 

oligodeoxynucleotides significantly reduces vascular leakage.22 Given the morphological and 

physiological similarities between retinal blood vessels and those found in the brain and 

spinal cord7 it may be hypothesized that connexin43 is involved in the maintenance of 

vascular integrity and that inhibition of connexin43 upregulation will result in a reduction of 

vascular leakage following retinal ischaemia. Such studies would further enhance our 

understanding of the role of connexin43 in retinal disease. Furthermore, these investigations 

may lead to novel therapeutics for the treatment of macular oedema in a wide variety of 

retinal conditions.  

 

Another major finding of this thesis is that retinal ischaemia-reperfusion causes upregulation 

of connexin43 on retinal astrocytes within the ganglion cell layer and significant neuronal loss. 

Previously the response of connexin43 to retinal ischaemia was unknown. The changes 

observed in the retina are similar to those in cerebral ischaemia. Following transient forebrain 

ischaemia astrocytic connexin43 immunoreactivity is increased and correlates with greater 

vulnerability to ischaemic injury.26 Ischaemia-reperfusion results in death of retinal ganglion 

cells through a complex cascade of events that may involve glutamate excitoxicity and 

inflammatory mediator release.4 Various studies have shown that gap junction modulation 

results in neuronal rescue following cerebral ischaemia.5, 6, 27 Future studies should explore 

the effect of gap junction modulation on reactive astrocytosis and subsequent retinal ganglion 

cell death. Such studies would expand our understanding of the pathophysiology of retinal 

ganglion cell death. Until recently, the role of intercellular communication in neuronal death 

following retinal ischaemia has received little attention.  

 

An intriguing and unexpected finding was that retinal ischaemia-reperfusion induces an 

upregulation of connexin43 in the contralateral eye. There was an initial and rapid response 

detected in the outer retina at 4 hours post ischaemia followed by a more gradual 

upregulation in the inner retina between 8 and 24 hours post ischaemia. Although there was a 

trend toward retinal ganglion cell loss, this was not statistically significant.  There have been 

reports of contralateral central nervous system changes following unilateral injury. Bilateral 
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retinal ganglion cell loss and microglial activation have been described following unilateral 

optic nerve injury in several studies.28, 29 There are a number of possible mechanisms by 

which signals may be transmitted to the contralateral eye. Projections between each retina, 

termed retino-retinal projections, have been described. 30-32 These connections persist into 

adulthood and may allow direct signal transduction from the retina of one eye to the retina of 

the contralateral eye.33 Alternatively, degenerative signals may travel from the injured eye to 

the superior colliculus and then retrogradely to the contralateral eye. Bilateral effects of 

unilateral injury may result from the movement of diffusible substances from the injured eye to 

the contralateral eye, most likely with transfer between nerves at the optic chiasm where 

intimate contact is seen. Here ipsilateral and contralateral axons are in close proximity, 

making retrograde signalling from the chiasm possible.28 Lastly, lesion-induced signals may 

be transferred to the contralateral eye via the blood stream.34 The finding of bilateral changes 

following unilateral injury is of fundamental importance because it provides strong evidence 

against the use of the fellow eye as a control, a common practice in ophthalmic studies. 

Furthermore, it has broader implications for diseases that begin in one eye and progress to 

the fellow eye. 

 

9.3 CONNEXIN43 EXPRESSION IN THE NORMAL HUMAN RETINA (Chapter 7) 

 

Prior to this study, the expression of connexin43 in the human retina was unknown. This 

knowledge is required to appreciate changes in disease.  

 

The specific aim of this section was to determine the expression pattern of connexin43 in the 

normal human retina and optic nerve. To achieve this aim, six postmortem human eyes were 

examined by immunohistochemical staining of frozen sections using antibodies to 

connexin43. Confocal microscopy was used to detect antibody binding and permit cell-

specific localisation.   

 

These studies showed for the first time that connexin43 is expressed in the human retina. 

Expression was observed on astrocytes within the ganglion cell layer and to a lesser extent 



Section IV  Chapter 9 
!

 255 

Müller cells. It was also found that the retinal and choroidal circulations express high levels of 

connexin43. Lastly, high levels of connexin43 expression were seen between adjacent cells 

of the retinal pigment epithelium.  

 

This study established that connexin43 is expressed on glia, blood vessels, and endothelial 

cells within the human retina and optic nerve. These results can be used as a basis for 

comparison with disease. The human retina was found to have significant homology with 

other vertebrates. This has implications in the use of animal models to study human disease. 

The results of this study support the use of animals such as rats and mice in the study of 

human disease due to the similarities in connexin43 expression with humans. Further studies 

are needed however to determine whether there are functional or physiological differences in 

connexin43 expression between the human and animal eye. Studies of human disease are 

now needed to evaluate changes in connexin43 expression with retinal and optic nerve 

disease. Diseases with known retinal ischaemia are prime candidates and studies should 

include diabetic retinopathy, retinal vein occlusion, and ocular ischaemic syndrome. The 

subsequent chapter explores the expression of connexin43 in human glaucomatous optic 

neuropathy.    

 

9.4 CONNEXIN43 EXPRESSION IN THE DISEASED HUMAN RETINA (Chapter 8) 

 

The purpose of this chapter was to investigate changes in connexin43 expression with 

glaucoma. Glaucoma is a common neurodegerative disorder characterised by the 

progressive death of retinal ganglion cells leading to characteristic changes in optic nerve 

head morphology and associated visual field deficits. Worldwide, glaucoma is estimated to 

affect more than 70 million people and is a leading cause of blindness.35 However, the 

pathophysiology of glaucoma is not well understood.36 Until recently, the role of cell-to-cell 

communication in this condition has received little attention.  

 

There are two predominant theories for the pathogenesis of glaucoma – the mechanical 

theory and the vascular theory.37 In the mechanical theory, axonal trauma at the level of the 
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lamina cribrosa is believed to initiate a sequence of events that leads to retinal ganglion cell 

death.37 The vascular theory contends that retinal ganglion cell death occurs as a 

consequence of insufficient blood supply or ischaemia.37 There are increasing lines of 

evidence to support the vascular hypothesis. Due to the changes observed in retinal 

ischaemia, it was logical to investigate whether these changes were also seen in 

glaucomatous optic neuropathy.    

 

To answer this question, two post-mortem human eyes with a diagnosis of primary open 

angle glaucoma and three eyes from age-matched normal donors were examined using 

immunohistochemistry.  

 

In primary open angle glaucoma, retinal astrocytes showed features of glial activation and 

increased connexin43 expression at the level of the lamina cribrosa and in the peripapillary 

and mid-peripheral retina. These changes were qualitatively similar to those observed 

following retinal ischaemia. It is exciting to postulate that a similar pathway may be occurring 

in these two conditions and that retinal ganglion cell death may result from a particular form of 

ischaemia. It is known that many patients with glaucoma have evidence of vascular 

dysregulation and poor autoregulation.38 This may lead to unstable ocular perfusion and 

thereby ischaemia and reperfusion injury. These changes may create a microenvironment 

similar to that seen in the animal ischaemia-reperfusion model leading to connexin43-

mediated endothelial loss and vascular leakage, reactive astrocytosis, and downstream 

retinal ganglion cell loss. In fact, there is strong clinical evidence for loss of vascular integrity 

in glaucoma. Clinically, optic nerve head haemorrhages are seen in patients with glaucoma39 

and are a strong predictor of progression and subsequent death of retinal ganglion cells in 

that location.40, 41  

 

9.5 FINAL CONCLUSIONS 

 

Taken together, these findings suggest that connexin43 gap junctions and/or hemichannels 

may be a mediator of vascular leakage, reactive astrocytosis, and retinal ganglion cell death. 
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These studies deepen our understanding of connexin43 in retinal ischaemia and in the 

normal and diseased human eye. These studies generate novel new hypotheses and open 

up significant areas for further research.  

 

The future is exciting and holds much promise for improving eye health in this rapidly 

advancing field.   
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We aimed to characterise the spatial and temporal expression of connexin43 (Cx43) following retinal ischaemia–
reperfusion injury and to evaluate its relationship to retinal glial response and subsequent retinal ganglion cell
loss. Unilateral retinal ischaemia–reperfusion injury was induced by elevating intraocular pressure to
120 mmHg for 60 min and then normalized in Wistar rats. Retinas (n=110) were evaluated at 4, 8, and 24 h,
and 7, 14, and 21 days in 4 groups: ischaemic, contralateral, sham operated, and uninjured eyes. Immunohisto-
chemistrywas used to analyse the spatial and cell-specific expression of Cx43 protein, glialfibrillary acidic protein
(astrocytes), glutamine synthetase (Muller cells), Isolectin B4 (vascular endothelium), DAPI (nuclear marker),
and BRN3a (retinal ganglion cells). Retinal whole mounts were used to count retinal ganglion cells. Our results
show that Cx43 immunoreactivity of the ischaemic eye is significantly increased in the ganglion cell layer and
nerve fibre layer, colocalizing with activated retinal astrocytes and Muller cells at 8 h. In the inner retinal layers
Cx43 was also upregulated and colocalized with retinal vascular endothelium at 4, 8 and 24 h post ischaemia.
Notably, in the contralateral eye, Cx43 immunoreactivity was also significantly increased in the ganglion cell
layer and nerve fibre layer at 8 and 24 h, and at 4 h in the inner layers. Sham operated controls did not show
any change in Cx43 immunoreactivity. Subsequently a significant retinal ganglion cell loss was observed in the
ischaemic eye at day 21with a trend towards retinal ganglion cell loss in the contralateral eye. In conclusion, upre-
gulation of Cx43 occurs in both the ischaemic and contralateral retinas although far more significantly in injured
retinas. Cx43 colocalizes primarily with activated retinal astrocytes and Muller cells as well as vascular endothe-
lium, suggesting that gap junction communication and/or hemichannel activity may be a mediator of inflamma-
tion, vascular permeability, and subsequently neuronal death.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Retinal ischaemia is a common cause of visual impairment
(Osborne et al., 2004) involved in the pathogenesis of a number of
sight-threatening conditions including central retinal artery occlusion
(Hayreh et al., 2004), ischaemic central retinal vein occlusion (Hayreh,
1994), ocular ischaemic syndrome (Chen andMiller, 2007), hyperten-
sion (Wong and Mitchell, 2004), diabetic retinopathy (Osborne et al.,
2004) and the development and progression of glaucoma (Cellini
et al., 1997, Flammer and Mozaffarieh, 2007, Osborne et al., 2001).

Insights into the pathogenesis of ischaemia-induced retinal injury
can come from studies of central nervous system (CNS) injury as tran-
sient retinal ischaemia and transient cerebral ischaemia share many
similarities (Singh et al., 2001). In the CNS direct coupling of astro-
cytes byway of gap junctions creates a glial network, or astrocytic syn-
cytium, allowing spatial buffering of ions and signalling molecules in
order to maintain homeostasis (Nagy and Rash, 2000, Rouach et al.,
2002, Zahs et al., 2003).

Gap junctions are intercellular channels that are integral for the
functioning of the glial network. They allow the passage of ions, me-
tabolites, and second messengers between neighbouring cells (Chew
et al., 2010, Danesh-Meyer and Green, 2008, Kumar and Gilula, 1996,
Sohl andWillecke, 2003). The primary structural unit of a gap junction
is a membrane protein termed connexin. Six connexin units form the
connexon, or hemichannel, which binds to an analogous structure on
a neighbouring cell to form the communication channel. Connexin43
(Cx43) is the predominant protein for the formation of gap junctions
in the CNS and is expressed primarily on astrocytes (Nagy and Rash,
2000).

Following CNS injury reactive gliosis occurs, a process character-
ized by rapid astrocyte proliferation, hypertrophy, changes in glial
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fibrillary acidic protein (GFAP) expression (Moumdjian et al., 1991),
and violation of the blood–brain barrier (Cronin et al., 2008, DiStasi
and Ley, 2009). Upregulation of Cx43 immunoreactivity (Cx43-ir)
levels has been described following stroke (Nakase et al., 2006),
brain ischaemia (Haupt et al., 2007, Hossain et al., 1994), traumatic
brain injury (Ohsumi et al., 2006), and spinal cord injury (Lee et al.,
2005). In ischaemic conditions gap junctions remain open and may
allow the passage of apoptotic and necrotic signals to adjacent cells,
thereby increasing cell death (Cronin et al., 2008, Frantseva et al.,
2002a, 2002b, Garcia-Dorado et al., 1997, Lin et al., 1998, Nakase et
al., 2004, O'Carroll et al., 2008, Rami et al., 2001, Rawanduzy et al.,
2009, Warner et al., 1995). In such injury conditions, unopposed
hemichannels can also lead to the exchange of diffusible molecules
between the intracellular and extracellular media (Goodenough and
Paul, 2003, Rouach et al., 2002). Evidence suggests that an increased
expression of Cx43 may be associated with enhanced cell death
(Cronin et al., 2008, Danesh-Meyer et al., 2008, Lin et al., 1998,
O'Carroll et al., 2008). Gap junction modulation has been identified
as a potential neuroprotective target (Cronin et al., 2008, Danesh-
Meyer et al., 2008, Frantseva et al. 2002a, 2002b, O'Carroll et al.,
2008) and recently it has been shown that gap junction inhibitors
protect retinal neurosensory cells from ischaemia in a cell culture
model (Das et al., 2008). However there is a paucity of information
regarding the response of Cx43 to retinal injury in vivo.

The purpose of the study was to characterize the temporal and spa-
tial changes in retinal Cx43-ir following transient retinal ischaemia
using immunohistochemistry and confocal laser scanning microscopy.
Cx43-ir was correlated with astrocytes, Muller cells and vascular endo-
thelial cells, and RGC density post-ischaemia. We used an established
model of transient retinal ischaemia which involves increasing the
intraocular pressure to 120 mmHg for 60 min followed by reperfusion
(Buchi et al., 1991, Lafuente et al., 2002, Selles-Navarro et al., 1996).

Materials and methods

Animals and procedures

Adult male Wistar rats weighing 250 to 350 g were used in this
study. All procedures were conducted in compliance with the ARVO
Statement of Use of Animals in Ophthalmic and Vision Research and
were approved by the Animal Ethics Committee of the University of
Auckland. Animals were housed with a 12 hour light/dark cycle and
received food and water ad libitum.

Animals were anaesthetized with an intraperitoneal injection of
ketamine (60 mg/kg) and medetomidine hydrochloride (0.4 mg/kg)
and the pupils dilated with topical phenylephrine hydrochloride and
tropicamide. The technique of retinal ischaemia–reperfusion has previ-
ously beendescribed (Sun et al., 2007). Briefly, the left anterior chamber
was cannulated with a 30-gauge infusion needle connected by silicone
tubing to a reservoir of sterile 0.9% saline. Cannulation was performed
using a sterotaxic manipulator arm to avoid injury to the corneal endo-
thelium, iris, or lens. The intraocular pressure of the cannulated eyewas
raised to 120 mmHg for 60 min by elevating the saline reservoir. Reti-
nal ischaemia was confirmed by pallor of the posterior segment. After
60 min, the cannula was removed and reperfusion of the retinal vessels
was confirmed by ophthalmoscopy. Animals were euthanized with an
intracardiac injection of potassium chloride and both eyes removed
for analysis. Eyes (n=110) were divided into 4 groups: ‘ischaemic’
eyes which were eyes that underwent ischaemia–reperfusion; ‘contra-
lateral’ eyeswhichwere the opposite eye of the animals that underwent
ischaemia–reperfusion; ‘control’ eyes which were eyes from uninjured
animals; and ‘sham’ injury eyeswhichwere eyes that underwent anaes-
thesia and topical drops but not ischaemia–reperfusion at each time
point. The contralateral eye was not used as a control but rather studied
to evaluate if therewere anywidespread changes in the CNS outside the
injured eye. Time points that were evaluated included: 4 h (n=10

eyes; 5 ischaemic, 5 contralateral), 8 h (n=10), 24 h (n=10), 7 days
(n=10) and 14 days (n=10) post-ischaemia for Cx43 analysis, and
at 7 days (n=10) and 21 (n=10) days post ischaemia for RGC
analysis. A control group of normal uninjured retinas was used to
establish baseline Cx43 levels (n=10) and baseline RGC levels
(n=5). In addition, sham surgery animals (n=5) at each time point
(4 h, 8 h, 24 h, 7 days, 14 days) were employed to determine the
effects of the anaesthetic and topical medicines on Cx43 expression.
These animals underwent the same procedure as experimental
animals, however without elevation of intraocular pressure. The total
number of animals used was 70 with a total of 110 eyes analysed.

Immunohistochemistry

Immunohistochemistry and confocal laser scanning microscopy
were used to analyse the spatial and temporal expression of Cx43 pro-
tein following retinal ischaemia–reperfusion. After euthanasia, eyes
were enucleated and fixed in 1% paraformaldehyde in phosphate-
buffered saline (PBS) (BR0014G; Oxoid, Basingstoke, England) for
30 min at room temperature and cryoprotected in 15% sucrose in PBS
at 4 °C overnight. The eyes were then embedded in optimal cutting
temperature compound (IA018; ProSciTech, Queensland, Australia)
and rapidly frozen in liquid nitrogen. Sagittal 16 μm cryosections were
cut at the level of the optic nerve head and mounted on SuperFrost
Plus slides (Fisher Scientific, Pittsburgh, PA). Sectionswere subsequent-
ly rinsed in PBS, immersed in 100% ethanol at !20 °C for 10 min, and
then blocked in 10% normal goat serum and 0.1% Triton-X100 (Sigma-
Aldrich, St. Louis,MO) in PBS at room temperature for 1 h. Double label-
ling was performed to identify the retinal cell types expressing Cx43.
Sections were incubated overnight at 4 °C with the primary antibody
mixture diluted in PBS. Negative controls were included by omitting
the primary antibody. Cx43-ir was visualised using rabbit anti-Cx43 an-
tibody (C6219, Sigma-Aldrich, St. Louis, MO; 1:2000) and goat anti-
rabbit IgG secondary antibodies conjugated to Alexa488 (A11034; Invi-
trogen, Carlsbad, CA; 1:500). Astrocytes were visualised using mouse
anti-GFAP conjugated to CY3 (C9205, Sigma-Aldrich, St. Louis, MO;
1:1000). Muller cells were visualised using mouse anti-glutamine
synthetase antibody (GS) (MAB302, Chemicon, Billerica, MA; 1:200)
followed by goat anti-mouse IgG secondary antibodies conjugated to
Alexa568 (A11031: Invitrogen, Calrsbad, CA; 1:500). Retinal vascular
endothelial cells were visualised using Isolectin-B4 conjugated to
Alexa594 (I-21413,Molecular Probes, Eugene, OR; 1:100). After rinsing,
sections were coverslipped using Prolong Gold antifade reagent
containing the nuclear marker DAPI (4′,6-diamidino-2-phenylindole)
(P36931; Invitrogen, Carlsbad, CA) and sealed with nail polish.

To analyse the effects of retinal ischaemia–reperfusion on RGC
survival, whole mount immunohistochemical techniques were used.
After euthanasia, eyes were enucleated and the cornea, lens and vitre-
ous humour removed. The dorsal aspect of the retina was notched to
retain orientation. The retina and sclera were fixed in 4% paraformal-
dehyde in PBS for 60 min at room temperature. Four cuts were made
around the circumference of the retina creating four quadrants, so
that the retina will lie flat on a slide when mounted. The retina was
then carefully removed from the sclera and permeabilized via incuba-
tion in 0.5% Triton-X100 in PBS solution for 15 min at !80 °C. They
were then stored in 2% Triton-X100 in PBS solution overnight at
4 °C. Following thorough washing with PBS, free floating retinas
were incubated overnight at 4 °C in PBS solution containing goat
anti-BRN3a primary antibody (SC-31984, Santa-Cruz Biotechnology,
CA; 1:100), 2% horse serum and 2% Triton-X100. After further wash-
ing, the retinas were incubated for 2 h at room temperature in PBS so-
lution containing donkey anti-goat secondary antibody conjugated to
Cy3 (705-165-147; Jackson Immuno Research, PA; 1:500) and 2%
horse serum. Retinas were mounted onto SuperFrost Plus slides
using citifluor mounting medium before imaging.
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Evaluation of immunohistochemistry

We used an immunohistochemical approach to investigate
changes in Cx43-ir after transient ischaemia as it enables mapping
of expression to specific retinal layers and cell types. Specimens
were examined with an Olympus FV1000 confocal laser scanning mi-
croscope (Olympus, Tokyo, Japan). For each retina analysed for Cx43
expression, three images were taken from both the superior and infe-
rior retina, starting one microscope field peripheral to the border of
the optic disc, giving a total of six images per retina. This method en-
sured similar locations were assessed between different eyes. Voltage
and offset settings were adjusted to best discriminate individual anti-
body label and avoid oversaturation of the image. The same settings
were used within imaging of each retina. For imaging of the retinal
nerve fibre layer (NFL) and ganglion cell layer (GCL) the optical
slice displaying maximum label was analysed. Imaging of the inner
nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear
layer (ONL) required a z-stack of optical slices to be imaged, taken
at 1 μm increments, encompassing all label present. Quantification
of Cx43 was performed using automated spot counts in ImageJ soft-
ware version 1.43 (National Institutes of Health, Bethesda, MD).
Each image was converted to a binary image using a threshold of
30-255. To separate clusters the ImageJ “watershed” algorithm was
applied in order to distinguish between closely adjacent spots. The
number of Cx43 spots was then counted using the spot count function
in ImageJ (particle size 1 — infinity pixels).

For each retina analysed for RGC survival, two fields in each quad-
rant of each retina were imaged giving a total of eight images per ret-
ina. This method ensured similar locations were assessed between

different eyes and avoided any possible area bias present in the reti-
na. Imaging of RGC label was performed at 10! magnification. Volt-
age and offset settings were adjusted to best discriminate individual
antibody label and to avoid oversaturation of the image. Quantifica-
tion was performed using automated spot counts in NIH ImageJ soft-
ware. Each image was converted to a binary image using a threshold
of 33-255. To separate cell clusters the watershed algorithm was
applied. Spot counts were performed with particle size 3 — infinity
pixels to exclude spots deemed too small or non-specific to be RGCs
and were calculated as the number of spots per mm2 area.

Statistical analysis

Data are given as arithmeticmeans±standard error. Statistical com-
parisons between groups were performed using a one-way ANOVA
analysis followed by a Student's t-test with Bonferroni correction for
multiple comparisons. Significance is stated at pb0.05 and pb0.01. All
statistical analysis was performed in GraphPad Prism version 5.0
(GraphPad Software, San Diego, CA).

Results

Cx43 immunoreactivity and colocalization pattern following transient
retinal ischaemia

The pattern of Cx43 protein expression in normal retina has been
described previously in the rat (Zahs et al., 2003) and several other
vertebrates (Guldenagel et al., 2000, Janssen-Bienhold et al., 1998,
Sohl et al., 2005); therefore the results presented will focus primarily

Fig. 1. A confocal microscope optical slice of retinas labelled for Cx43 (green), the astrocyte marker GFAP (red) and with the nuclear marker DAPI (blue) from (A, B) a control eye,
(C, D) an ischaemic eye, and (E, F) a contralateral eye 8 h after reperfusion. (A, B) In control retinas there was strong and widespread Cx43-ir (arrows) within the NFL and GCL which
colocalized with GFAP on retinal astrocytes. (C, D) At 8 h after ischaemia, Cx43-ir was significantly upregulated in the NFL and GCL of the ischaemic eye (pb0.01 compared to con-
trol) and (E, F) contralateral eye (pb0.01) associated with hypertrophy and increased GFAP labelling of retinal astrocytes. GFAP, glial fibrillary acidic protein; NFL, nerve fibre layer;
GCL, ganglion cell layer; IPL, inner plexiform layer; RPE, retinal pigment epithelium. Scale bar A,C,E=50 μm, magnification 60!, B,D,F=20 μm, magnification 150!.
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on ischaemia-induced alterations. In the NFL and GCL of control ret-
inas there was strong and widespread Cx43 labelling which coloca-
lized with GFAP on retinal astrocytes (Figs. 1A, B). At 8 h following
high pressure induced retinal ischaemia and reperfusion, a significant
increase in Cx43-ir compared to control (pb0.01 — see following sec-
tion for quantification) was observed in the NFL and GCL (Figs. 1C, D)
associated with hypertrophy and increased GFAP labelling of retinal
astrocytes. At the 8 hour time point, contralateral eyes (Figs. 1E, F)
also demonstrated a significant increase in Cx43-ir although not as
dramatic as eyes that underwent ischaemia–reperfusion. Cx43-ir also
colocalized with Muller cells. Fig. 2 demonstrates the colocalization of
Cx43 with Muller cell bodies and processes in control (Figs. 2A, B),
ischaemic (Figs. 2C, D) and contralateral retinas (Figs. 2E, F) 8 h after
ischaemia and reperfusion.

There are low levels of Cx43-ir in the INL, OPL and ONL of control
retinas (Figs. 3A, B). At the 4 hour time point following ischaemia–
reperfusion a significant increase in Cx43-ir was observed compared
to controls (pb0.01) in the INL, OPL andONL (Figs. 3C, D). The contralat-
eral eye (Figs. 3E, F) also exhibited significantly increased Cx43-ir in the
INL, OPL and ONL at 4 h after reperfusion. Cx43 was strongly expressed
in the retinal pigment epithelium (RPE) between adjacent epithelial
cells in all eyes (Fig. 3). Therewas no significant difference in expression
levels between ischaemic, contralateral and control eyes. Cx43-ir in the
INL, OPL and ONL showed a distinct tramline pattern and was coloca-
lizedwith Isolectin-B4 labelled vascular endothelial cells in both ischae-
mic and contralateral eyes following ischaemia–reperfusion (Fig. 4). In
these images, insets showing Cx43 label in the RPE are provided as in-
ternal positive controls.

Quantitation of Cx43-ir following transient retinal ischaemia

Cx43-ir (spot count per image) in the ischaemic and contralateral
eyes following high pressure induced retinal ischaemia and reperfu-
sion was quantified with the immunohistochemistry approach en-
abling discrimination between different retinal layers and cell types.
There was no difference between Cx43-ir levels in the uninjured and
the sham operated controls at any time point. Average Cx43-ir in the
NFL and GCL of control animals was 52±9 spots per high powered
image analysed. Cx43-ir in the NFL and GCL of the ischaemic eye was
significantly altered following retinal ischaemia–reperfusion (Fig. 5).
Although no change in Cx43-ir was observed at 4 h post reperfusion
(spot count 62±4), upregulation of Cx43-ir in the ischaemic eye
was observed at 8 h following reperfusion (160±27, pb0.01) before
returning to normal levels at 24 h (68±7) and 7 days (66±12). A sec-
ondary increase in Cx43-ir was observed at 14 days post reperfusion
(106±9, pb0.01). Surprisingly, a significant upregulation of Cx43-ir
in the NFL and GCL was also observed in the contralateral eye at 8 h
(104±11, pb0.01) and 24 h (109±30, pb0.05) following reperfu-
sion. Other time points analysed (51±6 at 4 h, 45±9 at 7 days and
54±7 at 14 days post reperfusion) displayed no difference in Cx43-
ir compared with controls.

Changes in Cx43-ir in the INL, OPL and ONL in association with ret-
inal capillaries were observed subsequent to retinal ischaemic injury
(Fig. 6). Cx43-ir in the INL, OPL and ONL of the ischaemic eye was sig-
nificantly increased at 4 h (53±13, pb0.01), 8 h (58±14, pb0.01),
and 24 h (50±14, pb0.01) compared to the control baseline spot
counts (7±1). Levels returned close to normal at 7 days (14±4,

Fig. 2. An extended focus (projection) of confocal optical slices of retinas labelled for Cx43 (green), the Muller cell marker GS (red) and with the nuclear marker DAPI (blue) from
(A, B) a control eye, (C, D) an ischaemic eye, and (E, F) a contralateral eye 8 h after reperfusion. (A, B) In control retinas a small amount of Cx43-ir (arrows) within the NFL and GCL
colocalized with GS on Muller cells. (C, D) At 8 h after ischaemia, Cx43-ir was significantly upregulated in the NFL and GCL (pb0.01 compared to control) associated with increased
GS labelling of Muller cells. (E, F) In contralateral eyes 8 h after ischaemia, Cx43-ir was also significantly increased (pb0.01). GS, glutamine synthetase; NFL, nerve fibre layer; GCL,
ganglion cell layer; IPL, inner plexiform layer; RPE, retinal pigment epithelium. Scale bar A,C,E=50 μm, magnification 60!, B,D,F=20 μm, magnification 150!.
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p=1.0) and 14 days (14±1, p=1.0) post reperfusion. Again a signif-
icant increase in Cx43-ir was seen in the contralateral eye compared
to controls at 4 h (33±5, pb0.01) post reperfusion. Cx43-ir returned
to control levels in contralateral eyes by 7 days (9±3, p=1.0) and
14 days (7±2, p=1.0).

RGC survival in ischaemic and contralateral retinas

The density of RGCs in the ischaemic and contralateral retinas
following high pressure induced retinal ischaemia and reperfusion
was quantified by counting BRN3a positively labelled cells (Fig. 7). A

significant decrease in RGC density was detected in the ischaemic eye
between 7 and 21 days following injury compared to control eyes
(pb0.01 for day 21— Fig. 8). Changes in the RGC count in the contralat-
eral eye did not reach statistical significance compared to control with
the number of animals studied (5 in each group), although a trend
towards decreased RGC density was observed at 21 days (p=0.067).

Discussion

The present study is the first to evaluate the spatial and temporal
response of retinal Cx43 following an in vivo model of retinal

Fig. 3. An extended focus (projection) of optical slices of retinas labelled for Cx43 (green) and with the nuclear marker DAPI (blue) from (A, B) a control eye, (C, D) an ischaemic eye,
and (E, F) a contralateral eye 4 h after reperfusion. Cx43-ir (arrows) was significantly upregulated in the INL, OPL and ONL of the ischaemic eye (pb0.01), and the contralateral eye
(pb0.01) at 4 h after ischaemia. Cx43 was strongly expressed in the retinal pigment epithelium between adjacent epithelial cells in all eyes. There was no significant difference in
expression levels between ischaemic, contralateral, and control eyes. INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.
Scale bar A,C,E=50 μm, magnification 60!, B,D,F=20 μm, magnification 150!.

Fig. 4. A confocal microscope optical slice of (A) an ischaemic eye and (B) a contralateral eye 8 h post-ischaemia labelled for Cx43 (green), the vascular endothelial marker Isolectin-
B4 (red) and with the nuclear marker DAPI (blue). Colocalization of Cx43 with Isolectin-B4 was particularly evident in the INL and OPL in both eyes. Insets: Cx43 labelling in the RPE,
shown as an internal positive control. INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bar=30 μm, magnifi-
cation 60!.
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ischaemia–reperfusion injury. We demonstrate that an upregulation
of Cx43, a gap junction protein, occurs following transient retinal is-
chaemia reperfusion. Cx43-ir significantly increased in the ischaemic
eye at 8 h following retinal injury which occurred predominantly in
the NFL and GCL with a second significant peak after 14 days. Immu-
nohistochemical studies suggest that this Cx43-ir was predominately
on reactive astrocytes and Muller cells. Increased Cx43-ir was also
found in the INL, OPL and ONL at 4, 8 and 24 h. Cx43-ir was observed
in Isolectin-B4 labelled vascular endothelium of retinal vessels be-
tween 4 and 24 h following retinal ischaemia.

There is an increasing body of evidence that supports the role of
Cx43 gap junctions following CNS injury. Gap junction channels re-
main open under ischaemic conditions in the brain (Cotrina et al.,
1998). In a study of 236 post mortem human brain samples Cx43 im-
munoreactivity was enhanced in the penumbral areas of both acute

and chronic cortical infarcts (Nakase et al., 2006), and in a rodent
model of transient forebrain ischaemia, increased Cx43 immunoreac-
tivity correlated with greater vulnerability to ischaemic injury as
assessed by histological examination (Rami et al., 2001). In a rodent
model of partial optic nerve transection, a biphasic upregulation of
retinal Cx43 protein expression was observed to occur in the superior
retina with an associated loss of retinal ganglion cells and a retinal as-
trocytic inflammatory response (Chew et al., 2011). There have, how-
ever, been few reports describing the response of Cx43 to retinal
injury. Cameron et al. (2005) showed upregulation of Cx43 tran-
scripts using a DNA microarray and real time PCR analysis following
mechanical injury to the zebrafish retina.

Evidence suggests that gap junctionsmaymediate cell death. Mod-
ulation of gap junction communication has been shown to reduce
neuronal cell death both in vitro and in vivo. In an organotypic model
of cerebral ischaemia acute knock down of Cx43 using oligodeoxynu-
cleotides reduced neuronal cell death (Frantseva et al., 2002a, 2002b)
and in a rodent model of stroke, pre-treatment with the gap junction
blocker octanol significantly decreased mean infarction volume fol-
lowing middle cerebral artery occlusion (Rawanduzy et al., 2009).
Using an in vitromodel of optic nerve ischaemia, the application of an-
tisense oligodeoxynucleotides specific to the gap junction protein
Cx43 reduced up-regulation of Cx43, cell death and the inflammatory
response (Danesh-Meyer et al., 2008). In an in vitromodel of retinal is-
chaemia induced by cobalt chloride (Das et al., 2008), a gap junction
inhibitor based on primaquine, prevented activation of caspase-3 in
R28 neuro-retinal cells in culture, stopping apoptotic signals passing
to adjacent cells and reducing the spread of damage. Further evidence
supporting that gap junctions may mediate cell death in the retina
comes from targeted cell death in retinal whole mounts (Cusato et
al., 2003). Cytochrome c was injected into neurons of the inner retina
and surrounding cells were then scrape loaded and examined for apo-
ptotic morphology or caspase-3 cleavage. Cytochrome c injection in-
duced bystander killing in neighbouring cells which was significantly
reduced by the gap junction inhibitors octanol and carbenoxolone
(Cusato et al., 2003).

A novel finding of this study is the upregulation of Cx43 in the ret-
inal vascular endothelial cells following injury. Endothelial upregula-
tion of Cx43 has been reported in other tissues (Cronin et al., 2008)
and may play an important role in mediating changes in vascular per-
meability and secondary inflammation. In a rodent traumatic spinal
cord injury model, a significant elevation of Cx43 was noted in the
walls of small blood vessels as early as 6 h after injury (Cronin et al.,
2008). This upregulation was accompanied by vascular leakage of
fluorescently-labelled albumin and accumulation of blood-borne neu-
trophils. Suppression of the Cx43 upregulation using antisense oligo-
deoxynucleotides was associated with reduced vascular leakage and
neutrophil recruitment (Cronin et al., 2008). The exact mechanism
by which Cx43 mediates vascular permeability remains to be deter-
mined. In both the retina and brain, large Cx43-containing plaques
couple adjacent astrocyte endfeet, creating a tunnel around each
blood vessel along which calcium waves can propagate (Simard et
al., 2003). These cytosolic calciumwavesmay induce cytokine produc-
tion and release, leading to barrier breakdown (Venkatesha et al.,
2004). Cx43 might also mediate vascular permeability through mech-
anisms independent of gap junction coupling. Cx43 hemichannels, for
example, can open under ischaemic conditions to form a direct link
between the cytoplasm and the extracellular environment, inducing
metabolic inhibition and membrane depolarisation (Goodenough
and Paul, 2003, Rouach et al., 2002). The release of Glutamate, ATP,
and NAD+ then leads to further propagation of the calcium wave,
spreading the injury (Evans and Martin, 2002, Gossman and Zhao,
2008, Romanello and D'Andrea, 2001). Cx43 also colocalizes with the
tight-junction molecules occludin, claudin-5, and ZO-1 (Nagasawa et
al., 2006) and altered barrier function may be exerted through effects
on these molecules (Cronin et al., 2008).

Fig. 5. Average Cx43 spot count in the NFL and GCL of the ischaemic and contralateral
eyes after unilateral high pressure-induced retinal ischaemia. An initial upregulation of
Cx43-ir in the ischaemic eye compared to the control eye was observed at 8 h reperfu-
sion (pb0.01) followed by a secondary increase at 14 days (pb0.01). Contralateral eye
Cx43 was significantly upregulated compared to control eyes at 8 h (pb0.01) and 24 h
(pb0.05). There was no difference between the control and the sham groups at any
time point.

Fig. 6. Average Cx43 spot count in the INL, OPL and ONL of the ischaemic and contra-
lateral eye after unilateral high pressure-induced retinal ischaemia. Upregulation of
Cx43-ir in the ischaemic eye compared to control animals was detected at 4, 8 and
24 h post-ischaemia (pb0.01). Contralateral eye Cx43-ir was significantly upregulated
compared to control animals at 4 h post-ischaemia (pb0.01) and then reduced to
normal levels by 7 days. There was no difference between the control and the sham
groups at any time point.
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The biphasic pattern of Cx43 upregulation in the ischaemic eye
seen in our model reflects pathological processes associated with as-
trocyte proliferation and vascular remodelling after retinal ischaemic
injury. Cx43 expression in blood vessels of the epidermis after inci-
sional skin wound in mice was increased 3-fold 6 h after injury, de-
clined significantly at 2 days and increased significantly at 4–7 days
(Coutinho et al., 2003). In a rodent model of partial optic nerve tran-
section, a biphasic upregulation of retinal Cx43 protein expression
was observed to occur in the superior retina with an associated loss
of retinal ganglion cells and a retinal astrocytic inflammatory re-
sponse (Chew et al., 2011). The mechanisms of this biphasic response
are not yet clear and have not been addressed by other researchers.

We believe that this is also the first study to have identified in-
creased Cx43-ir in the contralateral retina following acute ocular inju-
ry. A rapid transient response was detected in the INL, OPL and ONL at
4 h before returning to normal levels thereafter. This was followed by
the more gradual upregulation in the NFL and GCL between 8 and
24 h post-ischaemia. As in the ischaemic eye, Cx43 upregulation
was accompanied by hypertrophy and increased GFAP labelling of
retinal astrocytes and Muller cells. Although there was a trend
towards RGC loss in the contralateral eye, this was not statistically
significant with the sample size in this study.

Other investigators have demonstrated that unilateral CNS injury is
associated with corresponding contralateral CNS changes (Jeglinski et
al., 1995, Moumdjian et al., 1991, Setkowicz et al., 2004). Bilateral reti-
nal ganglion cell loss and microglial activation after optic nerve injury
has been confirmed in multiple studies (Bodeutsch et al., 1999,
Macharadze et al., 2009, Sobrado-Calvo et al., 2007). Macharadze et al.
(2009) found optic nerve crush induced contralateral RGC loss from
the population that project to the ipsilateral superior colliculus (thema-
jority of RGC axons project to the contralateral superior colliculus) asso-
ciatedwithmicroglial activation in the same region of retina. Astrocytes
in the contralateral eye have been found to increase GFAP expression
and to proliferate after unilateral optic nerve injury or episcleral vein
cautery (Bodeutsch et al., 1999, Kanamori et al., 2005, Panagis et al.,
2005). Bodeutsch et al. (1999) found focal but very moderate upregula-
tion of GFAP in very few astrocytes of the contralateral eye 5 days after a
unilateral optic nerve crush injury, whereas Panagis et al. (2005)
showed presence of proliferating astrocytes andMuller cells in the con-
tralateral retina 2 and 5 days after unilateral optic nerve crush injury,
with no significant difference in the number of proliferating cells be-
tween injured and contralateral retinas. Kanamori et al. (2005) found
that the increase in Muller cell GFAP expression in the contralateral
eye in an episcleral vein cauterization model of glaucoma was delayed
to 1 month post-treatment, which then steadily increased for the next
5 months, reflecting themild and chronic nature of the injury compared
to optic nerve transection. Gene expression (for example, the transcrip-
tion factor c-jun) (Bodeutsch et al., 1999) was altered in the uninjured
eye and an abundance of oxidative free radicals and altered protein ex-
pression were also found (Lam et al., 1996). In general the contralateral
response is weaker than in the injured region but significant changes
are still elicited compared with control tissue from uninjured animals.

The mechanism of signal transduction from the injured eye to the
contralateral eye has yet to be elucidated and remain controversial.
However, several theories have been proposed. There is some evi-
dence that a population of retino-retinal projections may be trans-
porting signals between eyes (Bunt and Lund, 1981, Bunt et al.,
1983, Muller and Hollander, 1988); with a small number having
been shown to persist to adulthood (Muller and Hollander, 1988,
Toth and Straznicky, 1989). Regrowth of contralateral RGC axons, typ-
ically observed following a direct optic nerve crush injury, has been at-
tributed to the retino-retinal axons crushed in the injured optic nerve
(Bodeutsch et al., 1999). Sefton and Lam (1984) confirmed that from
postnatal days 0 to 5 in the albino rat, the number of axons in the
optic nerve is larger than the number of centrally projecting RGCs,
and that these extra axons may have been the central branches of
retino-retinal projections. Therefore degenerative and regenerative
signals may have travelled from the injured eye to the superior

Fig. 7. A confocal microscope image of a retina that had been whole-mounted and labelled with the RGC label BRN3a (red) (A). A higher magnification image that was used to mea-
sure RGC density in this retina (B). Eight such images were analysed for each retina. Scale bar in A=1000 μm, magnification 4!. Scale bar in B=400 μm, magnification 10!.

Fig. 8. Average RGC density in ischaemic and contralateral retinas 7 and 21 days after
ischaemia–reperfusion. A trend towards a decrease in RGC density in the ischaemic
eye at 7 days was detected (p=0.075). A significant decrease in RGC density was
detected in the ischaemic eyes at 21 days (pb0.01). No significant difference was
found between control and contralateral eyes at any time point although there was a
trend to reduced RGC numbers in the contralateral eyes (p=0.344 at 7 days and
p=0.067 at 21 days).
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colliculus and retrogradely transported to the contralateral eye. An
alternative hypothesis for the bilateral effects of unilateral injury is
the movement of diffusible substances from the injured eye to the
contralateral eye, most likely with transfer between nerves at the
optic chiasm where intimate contact is seen. It is generally accepted
that anaesthetic injected into the optic nerve sheath is occasionally
retrogradely transported and diffuses at the optic chiasm to the con-
tralateral optic nerve causing amaurosis (Lau et al., 2003). Ipsilateral
and contralateral axons in the optic nerve lie in close proximity at
the optic chiasm, making retrograde degenerative and regenerative
signalling from the optic chiasm another possibility (Bodeutsch et
al., 1999). Finally, the rapid bilateral microglia activation suggests
that a generalised vascular response could be caused by ischaemic
damage of the retinal vasculature, and that lesion-induced signals
could be transferred to the contralateral eye in the blood stream
(Bodeutsch et al., 1999). No consensus has been reached over the
mechanism of the bilateral response to unilateral optic injury. Howev-
er, this finding has important experimental considerations in the use
of the contralateral retina and nerve as control tissue in unilateral in-
jurymodels. Further investigations arewarranted to explore Cx43 and
glial changes in the contralateral eye of uni-ocular injury and possible
RGC cell death with which it may be associated.

There are some limitations to this study. In the present study we
have analysed Cx43-ir and RGC loss but the extent to which this
RGC may be amplified by a gap junction mediated bystander effect,
remains to be determined. Future studies should involve modulating
Cx43 expression to evaluate whether Cx43 blockade is associated
with any neuroprotective effect.

Conclusions

In conclusion, unilateral retinal ischaemia–reperfusion produces an
upregulation of Cx43 bilaterally that colocalizeswith reactive astrocytes
and Muller cells, as well as demonstrating increased expression in ves-
sel walls. The results suggest that gap junction communication and/or
hemichannel activity may be a mediator of inflammation, vascular per-
meability, and subsequently neuronal death, although the extent to
which Cx43-ir and RGC loss are linked in the retina requires further
study.
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Connexin43 gap junction protein is expressed in astrocytes and the vascular endothelium in the central nervous system. It is

upregulated following central nervous system injury and is recognized as playing an important role in modulating the extent of

damage. Studies that have transiently blocked connexin43 in spinal cord injury and central nervous system epileptic models have

reported neuronal rescue. The purpose of this study was to investigate neuronal rescue following retinal ischaemia-reperfusion

by transiently blocking connexin43 activity using a connexin43 mimetic peptide. A further aim was to evaluate the effect of

transiently blocking connexin43 on vascular permeability as this is known to increase following central nervous system ischae-

mia. Adult male Wistar rats were exposed to 60 min of retinal ischaemia. Treatment groups consisted of no treatment,

connexin43 mimetic peptide and scrambled peptide. Retinas were then evaluated at 1–2, 4, 8 and 24 h, and 7 and 21 days

post-ischaemia. Evans blue dye leak from retinal blood vessels was used to assess vascular leakage. Blood vessel integrity was

examined using isolectin-B4 labelling. Connexin43 levels and astrocyte activation (glial fibrillary acidic protein) were assessed

using immunohistochemistry and western blot analysis. Retinal whole mounts and retinal ganglion cell counts were used to

quantify neurodegeneration. An in vitro cell culture model of endothelial cell ischaemia was used to assess the effect of

connexin43 mimetic peptide on endothelial cell survival and connexin43 hemichannel opening using propidium iodide dye

uptake. We found that retinal ischaemia-reperfusion induced significant vascular leakage and disruption at 1–2, 4 and 24 h

following injury with a peak at 4 h. Connexin43 immunoreactivity was significantly increased at 1–2, 4, 8 and 24 h post

ischaemia-reperfusion injury co-localizing with activated astrocytes, Muller cells and vascular endothelial cells. Connexin43

mimetic peptide significantly reduced dye leak at 4 and 24 h. In vitro studies on endothelial cells demonstrate that endothelial

cell death following hypoxia can be mediated directly by opening of connexin43 hemichannels in endothelial cells. Blocking

connexin43 mediated vascular leakage using a connexin43 mimetic peptide led to increased retinal ganglion cell survival

at 7 and 21 days to levels of uninjured retinas. Treatment with scrambled peptide did not result in retinal ganglion cell

rescue. Pharmacological targeting of connexin43 gap junction protein by transiently blocking gap junction hemichannels

following injury provides new opportunities for treatment of central nervous system ischaemia.
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Introduction
Connexin43, a ubiquitous CNS gap junction protein expressed in

astrocytes and the vascular endothelium, is recognized as playing

an important role in modulating the response to CNS injury. Six

connexin units form a connexon, or hemichannel, that binds to an

analogous structure on a neighbouring cell to form a gap junction.

Gap junctions couple astrocytes to form a glial syncytium (Naus

et al., 1991; Rouach et al., 2002). Connexin43 gap junctions also

contribute to the coupling and coordinated response produced by

the endothelial cell network (DePaola et al., 1999; Yeh et al.,

2000). Under normal physiological conditions, the glial network

is said to be responsible for the spatial buffering of ions and

signalling molecules to maintain homeostasis (Nagy and Rash,

2000; Zahs et al., 2003).

Investigations have demonstrated that connexin43 gap junctions

are involved in the earliest cellular responses to injury, although

the precise role remains controversial. Some studies have reported

that connexin43 gap junctional communication is associated with

the spread of cell death signals (Garcia-Dorado et al., 1997; Lin

et al., 1998; Frantseva et al., 2002b; Cronin et al., 2008;

Rawanduzy et al., 2009), while others have demonstrated neuro-

protective effects (Naus et al., 2001; Nakase et al., 2004).

Following CNS injury, there is a well defined astrocytic response

consisting of rapid proliferation, hypertrophy and changes in the

expression of glial fibrillary acidic protein (GFAP), along with upre-

gulation of connexin43 expression (Rouach et al., 2002; Lee et al.,

2005). This upregulation of connexin43 expression following CNS

ischaemia may amplify the initial damage through spreading of

deleterious material from dead or dying cells to healthy neighbours

(Frantseva et al., 2002a, b). Activation of astrocytes subsequent

to CNS injury may induce degeneration of neurons and

compromise the structure of blood vessels (Shen et al., 2010).

Under ischaemic conditions, unopposed hemichannels can also

open and form a direct link between the intracellular and extra-

cellular milieu (Rouach et al., 2002; Goodenough and Paul, 2003).

An increase in connexin43 immunoreactivity levels has

been described following stroke (Nakase et al., 2006), brain is-

chaemia (Hossain et al., 1994; Haupt et al., 2007), traumatic

brain injury (Ohsumi et al., 2006) and spinal cord injury (Lee

et al., 2005).

Recently, gap junction modulation has been identified as a po-

tential neuroprotective target (Frantseva et al., 2002a, b; Cronin

et al., 2008; Danesh-Meyer et al., 2008; O’Carroll et al., 2008;

De Bock et al., 2011) with gap junction inhibitors protecting ret-

inal neurosensory cells from ischaemia in a cell culture model (Das

et al., 2008). More specific blockers of connexin43 have also been

investigated. Transient blocking of connexin43 following injury has

been demonstrated to show some neuroprotective effects. In an

in vitro interphase organotypic culture model of optic nerve ischae-

mia, application of connexin43 antisense oligodeoxynucleotide

treatment downregulated neuroinflammation (Danesh-Meyer

et al., 2008). Application of the connexin43 antisense oligodeoxy-

nucleotide has also been shown to reduce spinal cord swelling

and disruption with better behavioural scores in two models of

spinal cord injury (Cronin et al., 2008). A different approach has

been to use mimetic peptides, small amino acid sequences

designed to bind to extracellular regions of the connexin43 protein

thereby inhibiting hemichannel opening and gap junction commu-

nication. Connexin43 mimetic peptides have proven successful

in preventing hemichannel opening-dependent dye uptake

and reducing the spread of damage following CNS injury

(O’Carroll et al., 2008) and cardiac ischaemia (Hawat et al.,

2010), and in preventing vascular leak both in vitro and

in vivo after application of the inflammatory peptide bradykinin

(De Bock et al., 2011). In an ex vivo model of hippocampal slice

cultures induced to demonstrate epileptiform activity, connexin43

mimetic peptide resulted in decreased epileptiform activity (Yoon

et al., 2010).

The current investigation set out to assess whether blocking

connexin43 channels with a systemically delivered connexin43 mi-

metic peptide produces neuroprotective effects for retinal ganglion

cells in a model of retinal ischaemia-reperfusion. Similar to the

brain and spinal cord, connexin43 is expressed on astrocytes in

the retinal ganglion cell layer and optic nerve, Muller cells, and

endothelial cells in the retinal and choroidal vasculature (Kerr

et al., 2010). The retinal ganglion cell death that occurs with ret-

inal ischaemia is implicated in the pathology of conditions such as

central retinal artery/vein occlusion, diabetic retinopathy and glau-

coma. Retinal ischaemia-reperfusion has been shown to produce

an increased vascular permeability of the endothelial cell network

at the blood–retinal barrier evident from 4 h (Wilson et al., 1995;

Zheng et al., 2007; Abcouwer et al., 2010), with subsequent ret-

inal ganglion cell degeneration (Osborne et al., 2004; Zheng

et al., 2007).

We hypothesized that the upregulation of connexin43 that

occurs following retinal ischaemia-reperfusion in retinal astrocytes,

Muller cells and the vascular endothelium is involved in the induc-

tion of neuronal cell death and that application of a connexin43

mimetic peptide blocker would lead to neuronal rescue. Following

retinal ischaemia-reperfusion animals were randomized into three

groups: no treatment, connexin43 mimetic peptide or scrambled

peptide. In addition, in vitro assays were performed on primary rat

brain microvascular endothelial cells and human dermal micro-

vascular endothelial cells (HMEC-1) to investigate the effect of

connexin43 mimetic peptide on endothelial cell survival after

ischaemia. We discovered that retinal ischaemia causes con-

nexin43 mediated vascular leakage that leads to the loss of retinal

ganglion cells by Day 21. Blocking connexin43 hemichannels using

a connexin43 mimetic peptide rescued retinal ganglion cells with

no significant difference to uninjured retinas.
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Materials and methods

Animal model
All procedures were conducted in compliance with the ARVO

Statement of Use of Animals in Ophthalmic and Vision Research and

were approved by the Animal Ethics Committee of the University of

Auckland. One hundred and fifty adult male Wistar rats weighing

250–300 g were obtained from the Vernon Janson Unit of the

University of Auckland and housed with a 12-h light/dark cycle and

received food and water ad libitum. Table 1 shows the number of

animals used in each experiment.

Connexin43 mimetic peptide design
The rat connexin43 mimetic peptide design was derived from previous

studies (O’Carroll et al., 2008). Connexin43 mimetic peptide

(sequence VDCFLSRPTEKT) has been shown to block connexin43

gap junction channels following CNS injury (O’Carroll et al., 2008).

A scrambled sequence of connexin43 mimetic peptide (sequence

RFKPSLCTTDEV) was used as a scrambled peptide control. Peptides

were custom manufactured by Auspep, Australia. Peptides were

synthesized by solid phase using Fmoc chemistries on a Protein

Technologies, Symphony! instrument. Peptides were purified by high

performance liquid chromatography and the structures confirmed by

analytical high performance liquid chromatography and mass spectral

analysis.

Retinal ischaemia-reperfusion model
and treatment
Animals were anaesthetized with an intraperitoneal injection of keta-

mine (60 mg/kg) and medetomidine hydrochloride (0.4 mg/kg) and

the cornea anaesthetized with oxybuprocaine hydrochloride (0.4%).

The technique of retinal ischaemia-reperfusion has previously been

described (Sun et al., 2007). Briefly, the left anterior chamber was

cannulated with a 30-gauge infusion needle connected by silicone

tubing to a reservoir of sterile 0.9% saline. Cannulation was performed

using a stereotaxic manipulator arm to avoid injury to the corneal

endothelium, iris or lens. The intraocular pressure of the cannulated

eye was raised to 120 mmHg for 60 min by elevating the saline reser-

voir. Retinal ischaemia-reperfusion was confirmed by pallor of the pos-

terior segment. After 60 min, the cannula was removed and

reperfusion of the retinal vessels was confirmed by ophthalmoscopy.

Three experimental groups were applied at the end of 60 min of

ischaemia. These included no treatment, connexin43 mimetic peptide,

or scrambled peptide. Systemic delivery of 1 ml of a 2-mM connexin43

mimetic peptide or scrambled peptide solution diluted in 0.9% saline

was achieved through intraperitoneal delivery at the start of reperfu-

sion. A final blood peptide concentration of 100 mM was intended,

assuming a blood volume of 20 ml and total systemic uptake of pep-

tide. At various times after reperfusion (1–2, 4, 8 and 24 h, and 7 and

21 days), animals were euthanized with CO2.

Evans blue dye leak
Vascular leak following retinal ischaemia-reperfusion was assessed

using Evans blue dye (E2129, Sigma Aldrich), an azo dye that binds

to serum albumin and is used to quantify vascular endothelium per-

meability. It was prepared in 0.9% saline at a concentration of

100 mg/ml and filtered through a 0.22-mm filter prior to administra-

tion. The dye solution was injected intraperitoneally at 1 ml/100 g of

animal body weight, 10 min before the animal was due to be culled in

order to allow absorption of the dye and circulation throughout the

body. The dye concentration, volume injected and latent period were

based on results from preliminary investigations. Animals were

assessed in the control uninjured group, and 4 and 24 h following

reperfusion in both treatment groups (connexin43 mimetic peptide

and no treatment). Animals were culled and eyes enucleated at the

respective times. The cornea, lens and vitreous humour were removed,

and the remaining retina and sclera fixed in 4% paraformaldehyde in

phosphate-buffered saline (BR0014G, Oxoid) for 30 min at room tem-

perature. The fixed retina was carefully removed from the sclera and

mounted onto a SuperFrost! Plus slide (Menzel-Glaser) using

CitifluorTM mounting medium, before imaging.

In vitro assays
In order to establish the mechanism by which vascular leak was occur-

ring and the link with connexin43 expression, an in vitro endothelial

cell assay was used with a modified protocol from Zhou et al. (2010).

Rat brain microvascular endothelial cells (R840K-05a, Cell

Applications) were plated into 24-well plates (1 ! 105 cells/well) in

rat brain microvascular endothelial cell growth media (R819K-500,

Cell Applications) and allowed to settle for 16 h. Medium was then

removed and replaced with Dulbecco’s Modified Eagle’s Medium/F12

containing 0.5% foetal bovine serum and 1% glutamine. Hypoxia was

induced by placing cells in a pre-warmed Billups–Rothenburg Modular

Incubator Chamber and flushing with 95% N2, 5% CO2 for 5 min

Table 1 Number of eyes analysed in each experimental
group

Number of retinas analysed (one retina per animal)

No treatment Connexin43
mimetic peptide

Scrambled
peptide

Evans blue dye leak

Controls 6 uninjured + 2 no dye

1–2 h 4

4 h 7 7

24 h 5 7

Connexin43/GFAP immunohistochemistry

Controls 4 uninjured

1–2 h 4

4 h 3

8 h 4

24 h 4

Retinal ganglion cell whole mounts

Controls 5 uninjured

7 days 12 15 12

21 days 14 12 11

GFAP western blot

Controls 2 uninjured

8 h 2 2 2

Vascular integrity isolectin-B4 analysis

Controls 2 uninjured

4 h 2

Total n = 150.
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(20 l/min). The chamber was placed in a 37"C incubator for 3 h. The

chamber was regassed with 95% N2, 5% CO2 after the first hour to

ensure removal of all the gas that may have been trapped in the

plasticware. Following hypoxia, medium was removed and replaced

with rat brain microvascular endothelial cell growth media containing

either H2O (no treatment), 100mM carbenoxolone (non-specific gap

junction channel blocker), 200mM lanthanum chloride (LaCl3,

non-specific hemichannel blocker), 50mM connexin43 mimetic peptide

or 50mM scrambled peptide. Cells were incubated at 37"C, 5% CO2

for 6 h. Cells were then trypsinized, resuspended in medium and the

cell suspension mixed with 0.4% Trypan Blue in order to count the

number of viable cells. Cells that had not been exposed to low serum

and hypoxia were counted as controls. Viable cell counts were ex-

pressed as a percentage of control. Six experiments were performed

with three wells per treatment in each experiment. Data from three

wells were averaged to obtain the average cell count in each treat-

ment, which was then analysed. Human microvascular endothelial cells

(plated at 1.3 ! 105 cells/well) in complete media (Dulbecco’s

Modified Eagle Medium: Nutrient Mixture F-12 containing 10%

foetal bovine serum and 1% glutamine) were analysed in the same

way. Three experiments were performed with three wells per treat-

ment in each experiment. Data from three wells were averaged to

obtain the average cell count in each treatment, which was then

analysed.

To confirm endothelial cell death was due to hemichannel opening,

a propidium iodide dye uptake assay was carried out (Braet et al.,

2003). Rat brain microvascular endothelial cells were plated into a

96-well plate (2 ! 104 cells/well) and subjected to hypoxia-reperfusion

as described above. Following 1 h of reperfusion, propidium iodide was

added to a final concentration of 20mg/ml. After 30 min, the cells

were washed well to remove all propidium iodide from the media

and fixed with 10% paraformaldehyde for 5 min. Cells were then

imaged on a Leica DM IRB microscope and Leica DFC 425C

camera. Six wells were analysed for each experimental group. Four

images were taken from every well at !10 magnification and the

number of propidium iodide-positive cells counted. As fixation of the

cells alone led to a low level of propidium iodide uptake, normal cells

were treated with propidium iodide for the same period and fixed.

These were imaged and used to set a threshold so that only cells

with a propidium iodide uptake above this level were counted as

propidium iodide-positive. A bright field image was taken of each

field to determine the total number of cells. The level of propidium

iodide uptake was calculated as the number of cells containing propi-

dium iodide as a percentage of the total (% cells with propidium

iodide).

Immunohistochemistry
Immunohistochemical techniques were utilized to investigate the

effects of ischaemia-reperfusion on connexin43 and GFAP expression

and for retinal ganglion cell analysis. Retinas that had one or more

quadrants damaged during processing were discarded. For analysis of

connexin43 and GFAP, animals were used for each of the following

time points after ischaemia-reperfusion and no treatment: 1–2, 4, 8

and 24 h. Retinal whole mounts were used to map retinal ganglion cell

counts at 7 and 21 days after ischaemia-reperfusion and no treatment,

connexin43 mimetic peptide, or scrambled peptide. Vascular integrity

was examined at 4 h after ischaemia-reperfusion and no treatment.

Co-localization of connexin43 and vascular endothelial cells was exam-

ined in uninjured and ischaemic retinas 8 h after ischaemia-reperfusion.

After euthanasia, eyes were enucleated and the cornea, lens and

vitreous humour removed. The dorsal aspect of the retina was notched

to retain orientation. The retina and sclera were fixed in 4% parafor-

maldehyde in phosphate-buffered saline for 60 min at room tempera-

ture. The retina was then carefully removed from the sclera and

permeabilized via incubation in 0.5% Triton! X-100 in phosphate-

buffered saline solution for 15 min at #80"C. Following thorough

washing with phosphate-buffered saline, free floating retinas were

incubated overnight at 4"C in a primary antibody solution, using

rabbit anti-connexin43 (C6219, Sigma Aldrich, 1:2000) and mouse

anti-GFAP conjugated to Cy3 (GFAP—C9205, Sigma Aldrich,

1:1000) primary antibodies in 10% normal goat serum and 2%

Triton! X-100 in phosphate-buffered saline solution to label con-

nexin43, astrocytes and Muller cells. Primary antibody solution con-

taining rabbit anti-connexin43 and isolectin-B4 conjugated to

Alexa594 (I-21413, Molecular Probes, 1:100) was used to double

label connexin43 and vascular endothelial cells. Labelling of retinal

ganglion cells was achieved with goat anti-Brn3a primary antibody

(SC-31984, Santa-Cruz Biotechnology, 1:100) in 2% horse serum

and 2% Triton! X-100 in phosphate-buffered saline solution.

Vascular integrity was examined by labelling vascular endothelial

cells using isolectin-B4 conjugated to Alexa594. After further washing

of the retinas with phosphate-buffered saline, a secondary antibody

solution was applied for 2 h at room temperature. A goat anti-rabbit

Alexa488 secondary antibody (A11034, Invitrogen, 1:1000) labelled

the connexin43 primary antibody while a donkey anti-goat Cy3 sec-

ondary antibody (705-165-147, Jackson Immuno Research, 1:500)

labelled the Brn3a primary antibody. Retinas were incubated in the

nuclear marker DAPI (40,6-diamidino-2-phenylindole) (D9542, Sigma

Aldrich) before being mounted onto SuperFrost! Plus slides using

CitifluorTM mounting medium, and imaged.

Imaging and quantification
Specimens were examined with an Olympus FV1000 confocal laser

scanning microscope. For dye leak experiments, the entire retina was

imaged using a !10 air objective. Absorbance and emission spectra

for Evans blue dye have been previously characterized (Saria and

Lundberg, 1983). Here, 559 nm excitation was used and emission

was viewed with a 575- to 675-nm band filter. Dye leak was consist-

ently spherical or ovoid in shape and the area of dye leak was thus

measured using the formula:

Area of dye $ r1 ! r2 ! !,

where r1 and r2 are dye leak radii in the x and y axes.

Total accumulated dye leak from vessels was measured as the sum

of individual dye leak areas.

For connexin43, astrocytosis and retinal ganglion cell density immu-

nohistochemical analysis, two fields in each quadrant of each retina

were imaged giving a total of eight images per retina. This method

insured similar locations were assessed between different eyes and

avoided any possible area bias present in the retina. Connexin43

and GFAP label was imaged using a !60 oil immersion objective

lens and retinal ganglion cell labelling was imaged at !10 magnifica-

tion. Voltage and offset settings were adjusted to best discriminate

individual antibody labelling and to avoid oversaturation of the

image. Quantification was performed using automated spot counts

in NIH ImageJ software. For connexin43 quantification, each image

was converted to a binary image using a threshold of 30. To separate

clusters the watershed algorithm was applied. A particle count was

then performed to determine the connexin43 spot count per image.

For retinal ganglion cell quantification each image was first filtered

with a sharpen filter to delineate cell edges before being converted

to a binary image using a threshold of 33. Spots of 1 or 2 pixel2 that
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resulted from noise and artefacts that were clearly not retinal ganglion

cell of origin were excluded during particle counts. Retinal ganglion

cell density was calculated as the number of retinal ganglion cells

per mm2.

Western blotting
Western blotting was used to determine changes in GFAP expression

8 h after ischaemia-reperfusion injury. Treatment groups included no

treatment, systemic connexin43 mimetic peptide perfusion, or

scrambled peptide perfusion. Retinas from uninjured animals were

used as controls. Two animals were included in each treatment

group. The 8-h time point was chosen to coincide with maximum

connexin43 upregulation. After euthanasia, eyes were enucleated

and the cornea, lens and vitreous humour removed. Retinas were

immediately frozen in liquid nitrogen and stored at #20"C until hom-

ogenization. Each retina was cut into pieces using iris scissors and

placed into 200ml ice-cold homogenization buffer (150 mM sucrose,

50 mM HEPES pH 7.9, 60 mM KCl, 5 mM EDTA pH 8.0, 1 mM EGTA

pH 8.0) containing one complete mini protease inhibitor cocktail tablet

(04 693 124 001, Roche) per 10 ml. Tissue was then homogenized

using a hand-held homogenizer (5 ! 75 mm probe, Pro Scientific Pro

200) for 90 s while being kept on ice. Samples were incubated on ice

for 1 h with 1% Triton! X-100, centrifuged at 10 000 rpm for 10 min

and the supernatant collected for protein concentration assay.

Sample protein concentrations were determined using the Biorad RC

DCTM Protein Assay Kit II (500-0122) following kit instructions.

Samples were diluted with homogenization buffer to a standard con-

centration of 1 mg/ml for western blotting. A 10-ml sample in 10 ml of

sample loading dye, and 10 ml of BenchMarkTM pre-stained protein

ladder (10748-010, Invitrogen) were run on a 10% separating

bis-acrylamide gel with 4% stacking gel for 50 min at 170 mV in

sodium dodecyl sulphate polyacrylamide gel electrophoresis denaturing

buffer (0.2 M glycerine, 25 mM Tris pH 6.8, 35 mM sodium dodecyl

sulphate). All eight samples were run on the same gel. Separated

proteins and the ladder on the gel were transferred to HybondTM

ECLTM nitrocellulose membrane (RPN2020D, GE Healthcare), and

assembled with the gel in a wet transfer apparatus. Transfer was per-

formed at 170 mA for 1 h in cold transfer buffer (25 mM Tris, 192 mM

glycine and 20% v/v methanol). The membrane was blocked with 5%

non-fat milk powder in TBS-T (containing 20 mM Tris, 137 mM NaCl,

0.1% Tween-20) for 1 h and thoroughly washed (six times for 5 min

each in TBS-T). All membranes were labelled with a cocktail of rabbit

anti-GFAP antibody (Z0334, Dako, 1:1000) and anti-GAPDH antibody

(G9545, Sigma Aldrich, 1:4000) in antibody solution (TBS-T with

2 mM EDTA pH 8.0 and 1% bovine serum albumin) overnight, thor-

oughly washed, followed by anti-rabbit Ig horse radish peroxidase

linked whole antibody (NA934V, Amersham Biosciences, 1:40 000) in

antibody solution, then thoroughly washed again. The signal was

detected using an Amersham ECL PlusTM Western Blotting Detection

System (RPN2132, GE Healthcare) and a Fujifilm LAS 3000 Imager

with the chemiluminescence function. A visible light photo of the pro-

tein ladder was also taken without moving the membrane.

Equal loading was controlled for by the amount of a house keeping

protein GAPDH. The images taken were then analysed with ImageJ.

The integrated intensity of connexin43 bands and GAPDH bands was

measured, and a relative integrated intensity calculated by dividing the

integrated intensity of connexin43 by GAPDH. The average relative

integrated intensity of two samples % SEM in each treatment group

from one western blot run was plotted and presented along with four

sample lanes. Western blotting of the same samples was repeated four

times to confirm consistency of results.

Statistical analysis
Data are given as arithmetic means % standard error. Statistical com-

parisons between groups were performed using the Mann–Whitney U

test (also known as the Wilcoxon test) since data were not normally

distributed and normality cannot be restored by transformation. The

difference was considered significant when P5 0.05. All statistical

analysis was performed in IBM SPSS Statistics 19.

Results

Treatment with connexin43 gap
junction channel blocker limits
vascular leakage
Following retinal ischaemia-reperfusion, extravascular dye leakage

was observed within an hour of reperfusion, peaked at 4-h

post-ischaemia but continued at 24 h, the longest reperfusion

period analysed (Fig. 1). The dye appeared in ovoid patches

where it had leaked from compromised vascular endothelium.

Retinas from animals that had no Evans blue dye injected were

examined to ensure that there was no background fluorescence.

Uninjured animals that were injected with Evans blue dye did not

exhibit dye leak from the retinal vasculature beyond a few patches

resulting from handling, but the vessels were clearly demarcated

by the dye within them. Isolectin-B4 labelling of retinal vascular

endothelial cells showed tubular and continuous vessels forming

an anastomosing vascular network (Fig. 1E). By 4 h following

ischaemia-reperfusion, isolectin-B4 labelling revealed clumped vas-

cular membrane material, single endothelial cell layers (as opposed

to double track or tube-like structures) and label breaks, indicating

endothelial cell loss and vessel rupture (Fig. 1F).

Quantification of dye leak showed that the total accumulated

area of leaked dye per retina following ischaemia-reperfusion was

significantly greater than in uninjured tissue (10 567 % 2615 mm2)

at 1–2 h (87 975 % 30 675 mm2), 4 h (601 671 % 234 163mm2) and

24 h reperfusion periods (410 143 % 81 323mm2) that received no

treatment (Fig. 2). Systemically delivered connexin43 mimetic pep-

tide significantly reduced the total accumulated area of leaked dye

at 4 h (86 280 % 20 099mm2) and 24 h (26 671 % 5655 mm2)

post-ischaemia compared with no treatment at the respective

time points. While the total accumulated area of dye leak at 4 h

after connexin43 mimetic peptide treatment was still elevated

compared to uninjured control animals, it reached only 14% of

that in the untreated, ischaemic eyes.

Endothelial cell death and dye uptake
secondary to hypoxia is minimized with
connexin43 mimetic peptide in vitro
In order to investigate mechanisms contributing to vascular leak,

rat brain microvascular endothelial cells in vitro were exposed to

3 h hypoxia followed by 6 h reperfusion in culture medium

containing connexin43 mimetic peptide, scrambled peptide,

carbenoxolone, LaCl3, or no treatment. Following hypoxia and
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no treatment or scrambled peptide, &25% of the endothelial

cells died compared to control (100 % 2.9%; no treatment

77.0 % 4.2% survival; scrambled peptide 76.7 % 4.3% survival;

P5 0.05) (Fig. 3A) as assessed by viable cell counts.

Addition of either the non-specific gap junction channel block-

er carbenoxolone (95.0 % 1.4%), the hemichannel blocker

LaCl3 (95.8 % 2.0%) or 50 mM connexin43 mimetic peptide

(95.6 % 2.6%) prevented cell death (P50.05) when compared

Figure 1 Confocal microscope optical slices of flat mounted retinas displaying Evans blue dye fluorescence (A–D) and isolectin-B4 labelled
blood vessel endothelial cells (E and F). No endogenous fluorescence was seen in the retina from an animal with no Evans blue dye
administered (A). Normal blood vessels from an uninjured animal infused with Evans blue dye are seen in (B), where the vessels are
demarcated by the dye but there is no leakage to the extracellular space. Dye leak from blood vessels (arrows), indicating vascular
disruption, was evident at both 4 (C) and 24 h (D) following retinal ischaemia-reperfusion. Blood vessel endothelial cell labelling with
isolectin-B4 from an uninjured animal is seen in E. The vessels appear tubular and continuous. At 4 h following ischaemia-reperfusion
(F) vessels appear fragmented with breaks (arrow), many single membrane structures (arrowhead) and endothelial membrane
aggregations (asterisk). Scale bar = 500mm.
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to no treatment. In addition, human microvascular endothelial cells

were also analysed in a similar manner. Following hypoxia and no

treatment or scrambled peptide, &30% of the endothelial cells

died compared to control (100 % 1.5%; no treatment

70.9 % 4.3% survival; scrambled peptide 71.8 % 6.0% survival;

P50.05) as assessed by viable cell counts. Addition of either

carbenoxolone (97.0 % 3.6%), LaCl3 (93.1 % 4.1%) or 50 mM

connexin43 mimetic peptide (93.9 % 4.8%) prevented cell death

(P5 0.05) when compared with no treatment.

Hypoxia resulted in connexin43 hemichannel-mediated propi-

dium iodide dye uptake in 19.9 % 5.0% cells with no treatment

or 15.1 % 2.5% with scrambled peptide (Fig. 3B). Treatment with

either carbenoxolone (1.1 % 0.6%), LaCl3 (1.6 % 0.6%) or 50 mM

connexin43 mimetic peptide (2.0 % 0.6%) prevented dye uptake

(P5 0.05) when compared to no treatment.

Connexin43 and glial fibrillary acidic
protein response
Quantitative and qualitative changes were observed in connexin43

and GFAP protein expression following retinal ischaemia-

reperfusion. Four hours after ischaemia-reperfusion, connexin43

was significantly upregulated in the retina, and co-localized with

GFAP positive astrocytes (GFAP also labels Muller cells) and

isolectin-B4-positive vascular endothelial cells (Fig. 4). Mean con-

nexin43 spot counts were significantly increased (P5 0.05) in the

retina at 1–2 h (1854 % 140), 4 h (3484 % 224), 8 h (3536 % 309)

and 24 h (3353 % 320) after ischaemia-reperfusion compared to

uninjured retinas (1443 % 122) (Fig. 5). Since astrocytes wrap

around vessels with foot processes onto endothelial cells, blood

vessels were clearly outlined with GFAP labelling (Fig. 6).

Ischaemia-reperfusion caused patches of localized GFAP upregula-

tion and astrocyte disorganization adjacent to blood vessels within

1 h. In those areas where the vascular endothelium had been dis-

rupted, astrocytic foot processes had lost their normal organized

Figure 3 Three hours of hypoxia and 6 h of reperfusion lead to significant endothelial cell death in vitro in rat brain microvascular
endothelial cells (RBMVEC; A). Non-specific gap junction blocker carbenoxolone, non-specific hemichannel blocker LaCl3, and connexin43
(Cx43) mimetic peptide protected endothelial cells against hypoxic injury, with the number of viable cells significantly higher than no
treatment, while scrambled peptide did not have any protective effects. The number of viable cells was expressed as percentage of the
control without hypoxia. Hypoxia and reperfusion also lead to significant propidium iodide dye uptake into primary rat brain microvascular
endothelial cells indicating open hemichannels (B). Carbenoxolone, LaCl3 and connexin43 mimetic peptide significantly prevented dye
uptake compared to no treatment, indicating hemichannel closure, while scrambled peptide did not have any effect. Stars denote statistical
significance when compared to the control group or compared between groups in brackets; P50.05.

Figure 2 Connexin43 (Cx43) mimetic peptide treatment sig-
nificantly reduced the total accumulated area of dye leak from
blood vessels compared with no treatment at both 4 and 24 h
following retinal ischaemia-reperfusion injury. The accumulated
dye leak in retinas with no treatment was significantly increased
at 1–2, 4 and 24 h following ischaemia-reperfusion compared to
uninjured control retinas. Although at 4 h after connexin43
mimetic peptide treatment dye leak remained significantly
higher than in uninjured control retinas, it only reached 14% of
that in the no treatment ischaemic retinas. Stars denote statis-
tical significance when compared to the control group or com-
pared between groups in brackets; P5 0.05.
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Figure 4 Confocal microscope images of flat mounted retinas labelled for connexin43 (green), GFAP (red, A–C) and isolectin-B4
(red, D and E). An uninjured retina with connexin43 labelling co-localized with astrocyte processes is seen in A. Four hours after
ischaemia-reperfusion, connexin43 was significantly upregulated in the retina, and co-localized to activated astrocytes that appeared
hypertrophied and expressed increased levels of GFAP (B). A higher magnification image with connexin43 and GFAP co-localization
(yellow spots) is shown in (C). Connexin43 labelling (green) was also co-localized with blood vessel endothelial cells (red) in uninjured
retina (D) and increased in ischaemic retina (E) 8 h after ischaemia-reperfusion. Scale bar = 40 mm.

Figure 5 Average connexin43 spot counts in uninjured control retinas and following ischaemia-reperfusion. Connexin43 spot counts
were significantly increased in retinas following ischaemia-reperfusion injury at 1–2, 4, 8 and 24 h compared to uninjured control animals.
Stars denote statistical significance when compared to the control group; P50.05.

Connexin43 blockade after retinal ischaemia Brain 2012: 135; 506–520 | 513

 at U
niversity of Sydney on D

ecem
ber 15, 2012

http://brain.oxfordjournals.org/
D

ow
nloaded from

 



appearance and the processes appeared within the damaged

vessel lumen (seen by sequentially stepping through the confocal

z-stack shown in Fig. 6D). Astrocyte disorganization in localized

regions adjacent to blood vessels in the retinal tissue was still

evident 24 h after reperfusion. These localized areas of astrocytosis

appeared similar in distribution to the areas of vessel leak observed

after Evans blue dye perfusion and correlated with significant

upregulation in connexin43 expression. Western blot analysis 8 h

Figure 6 Confocal microscope images of flat mounted retinas labelled for GFAP (red) and connexin43 (green). GFAP expression in a
control eye from an uninjured animal showed the astrocyte processes demarcating blood vessels and an orderly arrangement of astrocytes
between vessels (A). A higher magnification image of the control eye shows the well-organized network of astrocyte processes and their
co-localization with connexin43 (B). In comparison, ischaemia-reperfusion caused patches of localized GFAP upregulation and astrocyte
disorganization (oval area) adjacent to blood vessels within 1–2 h reperfusion (C, low magnification with GFAP label and D, high mag-
nification with both GFAP and connexin43 labelling). Astrocyte disorganization in localized regions adjacent to blood vessels in the retinal
tissue was still evident after 24 h reperfusion (E), again accompanied by upregulation of connexin43 expression (F). Scale bar = 150mm.
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after ischaemia-reperfusion confirmed upregulation of GFAP

expression (Fig. 7). Connexin43 mimetic peptide treatment in-

hibited this upregulation whereas scrambled peptide had no effect.

Connexin43 mimetic peptide treatment
results in retinal ganglion cell rescue
Following ischaemia-reperfusion, retinal ganglion cell density

(number of cells per mm2) was significantly reduced at both 7

and 21 days in animals that received no treatment (1935 % 130

and 1971 % 139, respectively) or treatment with a scrambled pep-

tide (1820 % 97 and 2094 % 90, respectively) compared to unin-

jured controls (3035 % 258) (Figs 8 and 9). The normal distribution

of retinal ganglion cells in flat whole mounts of uninjured retinas is

seen in Fig. 8A. Figure 8B shows the retinal ganglion cell distribu-

tion in a retina 7 days after ischaemia-reperfusion. Figure 8C and

D show the typical appearance of a retina at 7 days of animals

treated with connexin43 mimetic peptide and scrambled peptide,

respectively. The retinal ganglion cell densities are plotted against

time in Fig. 9. Animals treated with a single injection of

connexin43 mimetic peptide immediately following ischaemia-

reperfusion showed no significant reduction in retinal ganglion

cell density at 7 days (2775 % 158) and 21 days (2611 % 158)

compared to uninjured retinas (Fig. 9).

Discussion
This study provides new information on the pathology of and

potential treatment strategies for retinal ischaemia, which may

be extrapolated more broadly to CNS ischaemia, chronic inflam-

matory diseases and trauma. We observed vascular leak peaking

at 4-h post ischaemia-reperfusion, which correlated with discrete,

localized regions of astrocytosis (and potentially Muller cell activa-

tion) and associated connexin43 upregulation. Importantly, this

vessel leak was reduced with systemic delivery of connexin43

mimetic peptide. Astrocytosis (as determined by GFAP levels)

was similarly attenuated. Furthermore, retinal ganglion cell loss

seen at 7 - and 21-day post ischaemia-reperfusion was significantly

reduced by a single intraperitoneal injection of connexin43 mimet-

ic peptide given immediately after the ischaemic event. We would

expect the severity and duration of the insult to affect the number

of retinal ganglion cells lost and in our model this was &35%

following 1 h ischaemia. With systemic mimetic delivery, this loss

was reduced by two-thirds (down to 9–14%). We suggest that

the upregulation of connexin43 immunoreactivity that occurs fol-

lowing ischaemic injury is responsible for the increased vascular

leakage and subsequently the inflammatory cascade leading to

retinal ganglion cell death. Blocking connexin43 hemichannels

has a significant neuroprotective effect.

It is well recognized that the retina, like the brain and spinal

cord, responds to ischaemia-reperfusion with both neurodegenera-

tion and increased vascular permeability (Wilson et al., 1995;

Zheng et al., 2007; Abcouwer et al., 2010). In a study similar

to ours, in which rat retinas were subjected to 45 min of retinal

ischaemia followed by reperfusion, Evans blue dye leak from the

retinal vasculature was evident at 4 h but continued to 48 h

(Abcouwer et al., 2010). An MRI study found that vascular leak-

age after 60 min of retinal ischaemia lasted for up to 57 days

(Wilson et al., 1995). Retinal capillaries were found to start to

degenerate, shown with TUNEL (terminal dUTP nick end labelling)

cell death labelling, from Day 2, and this became much more

pronounced at Day 7 (Zheng et al., 2007). Vascular leakage

was also a common feature in studies following hypoxia induced

injury to the retina (Kaur et al., 2007, 2008). In the present study,

vascular integrity of retinal vessels was shown to be compromised

as early as 1 h following ischaemia-reperfusion and continued to

the 24-h time point. Administration of connexin43 mimetic pep-

tide markedly reduced the total accumulated amount of leaked at

the 4- and 24-h time points.

In the retina and the CNS, connexin43 coupled astrocyte

end-foot processes have an intimate relationship with the vascu-

lature surrounding each blood vessel to form a comprehensive

gliovascular interface (Kim et al., 2006; Kaur et al., 2008; Kerr

et al., 2010). Connexin43 expression on astrocytes surrounding

the vasculature may play a role in controlling blood vessel perme-

ability (Simard et al., 2003). One possible mechanism is through

Figure 7 Western blot analysis showing GFAP levels in control
retina and 8 h after ischaemia-reperfusion.
Ischaemia-reperfusion caused an upregulation of GFAP.
Connexin43 (Cx43) mimetic peptide treatment inhibited this
upregulation, with GFAP levels remaining at the pre-ischaemia
levels. Scrambled peptide was not able to prevent the increase in
post-ischaemic GFAP levels. MP = mimetic peptide;
SP = scrambled peptide.
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Figure 8 Confocal microscope single optical slice images of flat mounted retinas with Brn3a labelled retinal ganglion cells. In each case,
images shown were taken from the mid-periphery of the retina. An uninjured retina is seen with densely packed retinal ganglion cells
(A). An ischaemic retina 7 days after ischaemia-reperfusion had a reduced retinal ganglion cell density (B). Systemic delivery of connexin43
mimetic peptide (C) has maintained retinal ganglion cell density at 7 days at almost the same level as uninjured retinas. Scrambled peptide
treatment was not neuroprotective and a reduced retinal ganglion cell density was apparent (D), with a retinal ganglion cell pattern being
similar to that in the ischaemic untreated control (B). Scale bar = 1000 mm.

Figure 9 Ischaemia-reperfusion injury lead to a significant loss of retinal ganglion cells (RGC) in the retina at both 7 and 21 days
compared to uninjured control. Connexin43 (Cx43) mimetic peptide had a significant rescue effect compared to no treatment at both
times whereas scrambled peptide did not. Stars denote statistical significance when compared to the control group or compared between
groups in brackets; P50.05.
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astrocytic propagation of calcium waves. Calcium signalling in

astrocytes at the blood–retinal barrier is involved in local blood

flow regulation and metabolic trafficking (Cornell-Bell et al.,

1990; Simard et al., 2003). Calcium waves propagate in the

astrocyte-endothelial network via two recognized pathways: inosi-

tol trisphosphate spread through connexin43-containing gap junc-

tions between astrocytes and endothelial cells or extracellular ATP

spread that may also be facilitated by hemichannel release of ATP

(Braet et al., 2001).

Connexin43 expression on endothelial cells (Farahani et al.,

2005; Kerr et al., 2010) may, however, independently play an

important role in the permeability of blood vessels. Elevation of

connexin43 in the walls of small blood vessels has been associated

with vascular leakage and extravasation of blood-borne neutro-

phils within 6 h of a traumatic spinal cord injury (Cronin et al.,

2008). Suppression of the connexin43 upregulation using an anti-

sense oligodeoxynucleotide significantly reduced leak of labelled

bovine serum albumin and invasion of neutrophils from the

blood to the injury site (Cronin et al., 2008). Using an in vitro

cell ischaemia model, we have demonstrated here that cell death

can be mediated directly by opening connexin43 hemichannels in

endothelial cells, occurring in the absence of astrocytes. The effect

is not species specific. Endothelial cell death was prevented in

endothelial cells of both human and rat origin using both

non-specific gap junction and hemichannel blockers and specific-

ally the connexin43 mimetic peptide at a concentration that blocks

hemichannels but does not uncouple gap junctions (O’Carroll

et al., 2008). Ischaemia induced propidium iodide dye uptake

was prevented by connexin43 mimetic peptide, indicating the ef-

ficacy of the peptide in blocking connexin43 hemichannels. It is

probable that in vivo endothelial cell death and vessel leak may

also occur independently of astrocytosis. Conversely, vascular leak

appears to trigger astrocytosis. We identified localized patches of

connexin43 upregulation associated with abnormal GFAP expres-

sion during the same 1–24 h reperfusion periods following ischae-

mia, and suggest a causal link between vascular dysfunction and

the glial inflammatory response.

A number of factors are said to contribute to blood–brain barrier

permeability after hypoxia, in particular tight junction disruption

(reviewed in Ballabh et al., 2004; Kaur and Ling, 2008; Yang and

Rosenberg, 2011). However, connexin43 hemichannel effects on

cytosolic Ca2 + concentration and cell volume regulation after is-

chaemia in a number of cell types signal their vital role in cell

injury (reviewed in Rodriguez-Sinovas et al., 2007). Expression

of connexin43 in cells results in cell swelling and lysis when the

extracellular Ca2 + concentration is lowered, a condition promoting

hemichannel opening (Rodriguez-Sinovas et al., 2007) and con-

versely, downregulating connexin43 expression after injury

reduces the number of connexin43 hemichannels in the mem-

brane leading to a significant reduction in cell swelling (Cronin

et al., 2008; O’Carroll et al., 2008; Zhang et al., 2010). In the

vascular endothelium, hypoxia leads directly to endothelial cell loss

(Petito, 1979; Danesh-Meyer et al., 2008). We have shown here

propidium iodide uptake in endothelial cells and subsequent cell

death. Recently, De Bock et al. (2011) demonstrated that con-

nexin hemichannel opening leads to blood–brain barrier

permeability after a bradykinin-induced inflammatory response.

Bradykinin-induced endothelial cell calcium oscillations were

blocked both in vitro by connexin-specific mimetic peptides, and

in vivo after systemic peptide delivery. Although they postulate

that spatially restricted calcium changes adjacent to tight junctions

might be occurring, immunohistochemical localization of occludin

and ZO-1 proteins did not reveal tight junction reorganization as

the cause of vascular permeability. Regardless, once the blood–

brain barrier is breached, astrocytes will become activated (Dietrich

et al., 1994; Hirano et al., 1994; Kaur and Ling, 2008) and T cell

and monocyte migration augments the inflammatory reaction

leading to further tissue damage (Pachter et al., 2003).

Death of retinal ganglion cells following ischaemia-reperfusion is

thought to be a result of a complex cascade of events involving

glutamate excitotoxicity and inflammatory mediator release

(Osborne et al., 2004). Retinal ganglion cells express high levels

of kainate and N-methyl-D-aspartate glutamate receptors

(Brandstatter et al., 1994; Fletcher et al., 2000; Lin et al.,

2002), making them especially susceptible to glutamate excitotoxi-

city (Brandstatter et al., 1994). The disrupted uptake of glutamate

into astrocytes following retinal ischaemia-reperfusion may thus

play a part in mediating retinal ganglion cell death (Osborne

et al., 2004). Nitric oxide is another important neuromediator in

the CNS, with increased production by three forms of nitric oxide

synthase, endothelial nitric oxide synthase, (Ju et al., 2001; Cheon

et al., 2003), neuronal nitric oxide synthase (Gwon et al., 2001;

Cheon et al., 2002) and inducible nitric oxide synthase (Neufeld

et al., 2002) following retinal ischaemia-reperfusion injury.

Although some studies reported a retinal ganglion cell rescue

effect due to expression of nitric oxide synthase, the majority of

studies found that expression of nitric oxide synthase exacerbates

retinal ganglion cell loss, and that inhibition of nitric oxide syn-

thase was protective for retinal ganglion cells following retinal

ischaemia-reperfusion (Geyer et al., 1995; Lam and Tso, 1996;

Adachi et al., 1998; Ju et al., 2000; Neufeld et al., 2002).

Inducible nitric oxide synthase in particular is produced by resident

glial cells disrupted by ischaemia-reperfusion injury and neutro-

phils, which infiltrate the retina following injury and vascular leak-

age (Hangai et al., 1996; Neufeld et al., 2002). The mechanism of

rescue of retinal ganglion cell cells with connexin43 mimetic pep-

tide may therefore be attributed in some part to inhibition of nitric

oxide production by reducing retinal glial cell activation and dys-

function. The primary event, however, appears to be hemichannel

mediated breaches in the blood–brain barrier; blocking of endo-

thelial hemichannels prevents vascular leak, and the subsequent

inflammatory cascade that leads to retinal ganglion cell loss. We

have illustrated this pathway schematically in Fig. 10.

In summary, the present findings support the idea that con-

nexin43 upregulation mediates vascular leakage, which is asso-

ciated with astrocytosis and subsequent retinal ganglion cell loss

following retinal ischaemia. Death of retinal ganglion cells after

ischaemia-reperfusion follows a complex cascade of events invol-

ving glutamate excitotoxicity and inflammatory mediator release

including nitric oxide. Our results, however, indicate that an initi-

ating event is vascular endothelial hemichannel related since

blocking these channels curtails subsequent events. Modulation

of connexin43 after CNS ischaemic-reperfusion injury alleviates

vascular leakage and provides significant neuron sparing.
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a b s t r a c t

Primary open angle glaucoma is characterised by the progressive and irreversible death of retinal gan-
glion cells. Experimental evidence suggests that the initial site of injury to the retinal ganglion cell is
at or near the lamina cribrosa or in the peripapillary retina. However, the mediators of axonal injury
remain poorly understood. The purpose of this study was to investigate the expression of the gap junction
protein connexin43 (GJA1) in the human glaucomatous optic nerve head and retina as a potential medi-
ator of axonal injury. Using affinity isolated polyclonal antibodies to the C-terminal segment of human
connexin43, the expression of connexin43 was determined in post-mortem human eyes with primary
open angle glaucoma and age-matched controls. In normal eyes, connexin43 was present on glial fibril-
lary acidic protein (GFAP)-positive astrocytes in the retinal ganglion cell layer and optic nerve head. In
glaucomatous eyes, increased connexin43 immunoreactivity was observed at the level of the lamina crib-
rosa and in the peripapillary and mid-peripheral retina in association with glial activation. This novel
finding may suggest that gap junction communication is a potential mediator of retinal ganglion cell
injury in glaucoma.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Primary open angle glaucoma is characterised by the progres-
sive death of retinal ganglion cells with associated changes in optic
disc morphology and visual field deficits.1 Experimental evidence
suggests that the initial site of injury to the retinal ganglion cell
axon is at the level of the lamina cribrosa in the optic nerve head
or in the peripapillary retina.2 The initial mechanism of injury is
unknown but may include mechanical compression, ischaemia/
hypoxia, glial activation, autoimmune disease, generation of
reactive oxygen species, or nitric oxide production.3 Furthermore,
the cellular mediators through which these insults lead to irrevers-
ible retinal ganglion cell death remain poorly understood. The
identification of cellular mediators is important because these
pathways may represent novel therapeutic targets, irrespective of
the initial mechanism of injury.4

There is accumulating evidence that glial activation plays an
important role in glaucomatous neurodegeneration.5–10 Astrocytes
are the most prevalent glial cell type in the optic nerve head and
retina. These cells provide mechanical and biological support for
retinal ganglion cells, regulating the extracellular concentration
of potentially neurotoxic substances, maintaining extracellular
ion homeostasis, and buffering oxidative stress. In glaucoma, astro-

cytes in the optic nerve head and retina exhibit an activated
phenotype characterised by hypertrophy, increased expression of
glial fibrillary acidic protein,9,11 and changes in gene expression
involved in signal transduction, cell proliferation, cell adhesion,
and extracellular matrix synthesis.5 These changes may create a
non-supportive microenvironment for retinal ganglion cell axons,
leading to retinal ganglion cell degeneration.

From experimental studies, there is increasing evidence that gap
junction communication between reactive astrocytes may be a
mediator of neuronal death in the central nervous system
(CNS).12–14 Gap junctions are intercellular channels that permit di-
rect intercellular communication through the bidirectional move-
ments of ions, metabolites, and second messengers between
neighbouring cells.15 These channels play an important role in main-
taining local metabolic homeostasis and synchronising cellular
activity. Each gap junction is formed by the docking of two hemi-
channels embedded in the plasma membranes of adjacent cells.16

These hemichannels are formed by the oligomerization of six pro-
tein subunits termed connexins and provide a low-resistance path-
way for current flow and the exchange of small cytoplasmic
molecules up to 1 kDa in size.15 Connexins are designated by their
estimated molecular weight and to date 21 isoforms have been iden-
tified from at least four subgroups of a single gene family, ranging
from 26 to 60 kDa.17 Following injury to the CNS, open gap junctions
may allow the passage of apoptotic and necrotic signals to adjacent
cells thereby increasing cell death.18–26 Gap junction modulation
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has been identified as a potential neuroprotective target and re-
cently it has been shown that gap junction inhibitors protect retinal
neurosensory cells from ischemia in a cell culture model.27

Connexin43 is the most abundant gap junction protein in the
CNS and is primarily expressed on astrocytes. Alterations in conn-
exin43 expression have been described following acute injury to
the CNS28–34 and in a variety of degenerative35,36 and inflammatory
diseases,37 suggesting a role in the pathogenesis of neuronal dam-
age. Furthermore, modulation of connexin43 expression has been
shown to reduce neuronal death following traumatic and ischae-
mic injury to the brain18 and spinal cord.20 The expression pattern
of connexin43 has recently been reported in the human retina and
optic nerve head,38 however there is a paucity of knowledge
regarding the expression of connexin43 in optic nerve diseases
such as glaucoma. The purpose of this study was to investigate
the expression of the gap junction protein connexin43 (GJA1) in
the human glaucomatous optic nerve head and retina as a potential
mediator of axonal injury.

2. Methods

2.1. Donors

Two post-mortem human eyes with a diagnosis of primary open
angle glaucoma (donor age 70 and 86 years) and three eyes from
age-matched normal donors (donor age 68-83 years) were ob-
tained from the New Zealand National Eye Bank (Auckland, New
Zealand). All human eyes were handled in accordance with the te-
nets of the Declaration of Helsinki. Primary open angle glaucoma
was defined as an intraocular pressure greater than 21 mmHg be-
fore treatment, glaucomatous optic disc appearance associated
with a corresponding and reproducible visual field defect, and no
history of any other ocular disease that could cause an increase
in intraocular pressure. The clinical findings of glaucomatous do-
nors were well documented and included intraocular pressure
readings, optic disc assessments, and visual field testing. Donors
with primary open angle glaucoma were receiving medication to
lower intraocular pressure and normal donors had no history of
eye disease or diabetes. 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 myocardial infarction.

2.2. Tissue preparation

Eyes were enucleated within 24 hours after death. The posterior
poles were dissected free of surrounding tissues and fixed in 1%
paraformaldehyde for 30 minutes. Fixed tissue was washed thor-
oughly in phosphate buffered saline (PBS; Oxoid, Basingstoke,
Hampshire, UK) and cryoprotected overnight in sucrose at 4 "C.
Following cryoprotection, tissue was embedded in Optimal Cutting
Compound (Miles, Elkhart, IN, USA) and rapidly frozen by immer-
sion in liquid nitrogen. Serial sagittal 16 lm sections were cut
using a Microm HM550 Cryostat (Thermo-Scientific, Waltham,
MA, USA) and thaw-mounted on SuperFrost slides (Menzel-Gläser,
Braunscchweig, Germany).

2.3. Immunohistochemical analysis

Connexin43 was identified using polyclonal antibodies to the C-
terminal segment of the cytoplasmic domain of human connexin43
(C6219; Sigma, Munich, Germany) at a working dilution of 1:2000
in PBS. Slides containing sections were washed in PBS and blocked
in 6% normal goat serum, 1% bovine serum albumin, 0.4% Triton-
X100, and 0.05% thimerosal in PBS for 1 hour at room temperature,
to reduce non-specific background immunofluorescence. Follow-

ing washing in PBS, sections were incubated with the primary anti-
bodies overnight at 4 "C. Immunoreactivity was visualised using
either goat anti-rabbit or goat anti-mouse IgG secondary antibod-
ies conjugated to either Alexa488 or Cy3; except for glial fibrillary
acidic protein (GFAP) which was preconjugated to Cy3 (C9205;
Sigma). Sections were incubated with the secondary antibodies
of the appropriate species for 2 hours at room temperature. All
antibodies were obtained from commercial sources and incubation
steps were performed in a moist chamber. Negative controls were
included by omitting the primary antibody. Slides were then
washed and cover slipped using Prolong Gold antifade reagent
with 40,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Eugene,
OR, USA) and sealed with nail polish. Sections from glaucomatous
and normal donor eyes were stained simultaneously to control
against potential variations in immunostaining between runs.

To investigate cellular localisation of connexin43 to different
optic nerve head and retinal cell types, double immunofluores-
cence labelling was performed using cell specific markers. GFAP
is an intermediate filament protein predominantly expressed in
macroglial cells. To identify Müller cells, we used antibodies
against glutamine synthetase (610518; BD Biosciences, San Jose,
CA, USA). Blood vessels were identified using antibodies against
von Willebrand factor (NCL-vWF; Novocastra, Newcastle-upon-
Tyne, UK), a glycoprotein synthesized by endothelial cells and
megakaryocytes.

Slides were examined independently by two masked examiners
using an Olympus FV1000 confocal microscope (Olympus, Tokyo,
Japan). The intensity of immunostaining was graded qualitatively
as negative (!), weak (+), moderate (++), strong (+++), and very
strong (++++) using at least four histologic sections from each do-
nor eye. The following areas were examined: prelaminar, laminar,
and post-laminar optic nerve head; and peripapillary and mid-
peripheral retina. To minimise the effect of varying retinal mor-
phology with differing eccentricity from the optic nerve head, all
retinal images in glaucomatous and normal donor eyes were taken
from regions equidistant from the optic disc. All images were re-
corded and analysed digitally using Olympus FluoView software
(Olympus, Melville, NY, USA).

3. Results

3.1. Connexin43 immunoreactivity in the normal and glaucomatous
human optic nerve head

3.1.1. General comments
There was significant interobserver agreement between exam-

iners (median kappa value 0.7). In glaucomatous eyes, there was
a noticeable increase in immunostaining for connexin43 in lamina
cribrosa compared to age-matched controls (Fig. 1). A comparison
of the immunostaining patterns is shown in Table 1.

3.1.2. Prelaminar region
In the prelaminar region of the optic nerve head from normal

eyes, connexin43 immunoreactive puncta formed a distinctive
linear pattern (Fig. 2A), colocalizing with vertically orientated
glial columns labelled with GFAP (Fig. 3A). Faint connexin43
immunoreactivity was also observed surrounding blood vessels
and lining the vitreous surface. Comparing the prelaminar region
from normal donors with that of patients with glaucoma, there
was a loss of punctate connexin43 labelling in the prelaminar re-
gion in glaucomatous tissue (Fig. 2B). These changes were accom-
panied by loss of the columnar appearance of the glial columns
and increased GFAP labelling of astrocytes (Fig. 3B). In glaucoma-
tous eyes, astrocytes were hypertrophic and exhibited a rounded
morphology.
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3.1.3. Laminar cribrosa
In the lamina cribrosa of normal eyes, connexin43 immunoreac-

tivity was observed forming a horizontally orientated band that
localized to the cribriform plates (Fig. 2C). GFAP labelling revealed
thin astrocytic processes arranged in a lamellar pattern in normal
eyes (Fig. 3C). In donor eyes from patients with primary open angle
glaucoma, there was a marked increase in the intensity of connex-
in43 immunoreactivity in the lamina cribrosa (Fig. 2D). Astrocytes
in this region exhibited a rounded, hypertrophied morphology, and
stained intensely for GFAP (Fig. 3D).

3.1.4. Post-laminar region
In the post-laminar region of eyes from normal donors, connex-

in43 immunoreactivity was observed lining meningeal surfaces
(Fig. 2E), co-localized to astrocytes lining the pial septa (Fig. 3E).
In addition, connexin43 labelling was present around blood vessels
in the optic nerve. Although not as dramatic as the changes in the
laminar cribrosa, there was a slight increase in connexin43 immu-
noreactivity in astrocytes lining the pial septa immediately adja-
cent to the lamina cribosa and surrounding blood vessels in
glaucomatous eyes (Fig. 2F; Fig. 3F).

3.2. Connexin43 immunoreactivity in the normal and glaucomatous
human retina

In retinas from normal donors, immunohistochemical analysis
using a polyclonal antibody to the C-terminal segment of the cyto-
plasmic domain of human connexin43 demonstrated punctate
connexin43 immunoreactivity in the retinal ganglion cell layer
(Fig. 4). In this layer, connexin43 immunoreactive puncta co-local-
ised almost exclusively with GFAP, a cytoskeletal marker for astro-
cytes. In addition, occasional faint connexin43-immunoreactive
puncta were observed on glutamine synthetase-positive Müller
cell processes. Double labelling with von Willebrand factor demon-
strated connexin43 labelling of endothelial cells lining retinal
blood vessels in the inner and outer vascular plexuses.

In glaucomatous retinas, connexin43 immunoreactivity in the
retinal ganglion cell layer was increased in both the peripapillary
and mid-peripheral retina compared to controls (Fig. 4). Connex-
in43 immunoreactive puncta in this layer labelled more intensely
and were increased in number. These changes were associated
with alterations in retinal astrocyte morphology and immunola-
belling characterised by hypertrophy and increased GFAP labelling.

Fig. 1. Immunolocalisation of connexin43 in the (A) normal and (B) glaucomatous human optic nerve head. In normal eyes, connexin43 immunoreactive puncta formed a
horizontally orientated band that localized to the cribriform plates. In glaucomatous eyes, there was a marked increase in the intensity of connexin43 immunoreactivity in the
lamina cribrosa. DAPI = 40 ,6-diamidino-2-phenylindole, CX43 = connexin43, GFAP = glial fibrillary acidic protein, PL = prelaminar region, LC = lamina cribrosa, PoL = post-
laminar region. Scale bar represents 300 lm.

Table 1
Connexin43 immunoreactivity in the normal and glaucomatous human optic nerve head and retina

Donor no. Age (yrs) Diagnosis Optic nerve head Retina

PL LC PoL Peripapillary GCL Mid-peripheral GCL

1 68 Normal ++ ++ ++ +++ ++
2 72 Normal ++ ++ ++ +++ +
3 83 Normal ++ ++ +++ +++ ++
4 70 Glaucoma + ++++ +++ ++++ +++
5 86 Glaucoma + +++ +++ ++++ ++

Labelling: – = none, + = weak, ++ = moderate, +++ = strong, ++++ = very strong, GCL = ganglion cell layer, LC = lamina cribrosa, PL = prelaminar region, PoL = post-laminar
region, yrs = years.

104 N.M. Kerr et al. / Journal of Clinical Neuroscience 18 (2011) 102–108



Additionally, connexin43 immunoreactivity was observed on
GFAP-positive processes spanning the entire thickness of the retina
in the peripapillary region. Based on morphological appearance
and immunostaining patterns, these cells are likely activated
Müller cells. There were no significant changes observed in the
pattern or intensity of connexin43 labelling of retinal vessels in
glaucomatous retinas.

4. Discussion

In the present study, a significant increase in connexin43
immunoreactivity was demonstrated in the glaucomatous human
optic nerve head and retina. In the optic nerve head, increased
immunoreactivity was observed in the lamina cribrosa. In addition,
increased connexin43 immunoreactivity was evident surrounding
blood vessels in the optic nerve head. In contrast, there was no sig-
nificant change observed in the pattern or intensity of connexin43
labelling surrounding blood vessels in the retina of glaucomatous
eyes. In both the peripapillary and midperipheral retina, connex-
in43 immunoreactivity was increased in the retinal ganglion cell
layer. Double label immunohistochemistry, combined with confo-
cal microscopy, showed that increased connexin43 immunoreac-
tivity was almost exclusively associated with glial activation in
both the optic nerve head and retina.

Our findings are consistent with previous studies that have
demonstrated glial activation in experimental glaucoma39–45 and
human primary open angle glaucoma.46–49 In a chronic mouse
model of glaucoma, Inman and Horner showed upregulation of
GFAP in retinal astrocytes and Müller cell populations using immu-
nohistochemistry, Western blotting, and quantitative polymerase
chain reaction.39 Similarly, Wang et al. reported an increase in
GFAP expression in an experimental model of glaucoma induced
by cauterizing limbal-derived veins in male Wistar rats.40 Using
the same model, Kanamori et al. described an increase in GFAP
immunoreactivity in Müller cells but not astrocytes in flat
mounted retinas.41 Glial activation has been reported in the human
glaucomatous optic nerve head and retina.46–49 In the prelaminar
region of the optic nerve head, Wang et al. showed increased GFAP
immunoreactivity in glaucomatous eyes compared to normal do-
nors using immunohistochemical techniques.47 In addition, stron-
ger GFAP immunoreactivity was observed in glial cells within the
ganglion cell layer at all eccentricities from the optic nerve head.47

Consistent with the present study, Müller cells in the peripapillary
area of some glaucomatous eyes were observed to label with
GFAP.47 Reactive glial changes have also been described in the lam-
ina cribrosa of human glaucomatous eyes.46 Varela and Hernandez
reported astrocyte hypertrophy and intense GFAP staining in the
lamina cribrosa of eyes with primary open angle glaucoma.46

Fig. 2. Immunolocalisation of connexin43 in the human optic nerve head. Left,
normal; right, primary open angle glaucoma: (A, B) prelaminar region (scale bar
represents: A, 100 lm; B, 150 lm); (C, D) lamina cribrosa (scale bar represents
70 lm); and (E, F) post-laminar region (scale bar represents 150 lm). bv = blood
vessel. Arrows indicate pial septa.

Fig. 3. Immunohistochemistry for glial fibrillary acidic protein in the human optic
nerve head. Left, normal; right, primary open angle glaucoma: (A, B) prelaminar
region (scale bar represents: A, 100 lm; B, 150 lm); (C, D) lamina cribrosa (scale
bar represents 70 lm); and (E, F) post-laminar region (scale bar represents
150 lm). bv = blood vessel. Arrows indicate pial septa.

N.M. Kerr et al. / Journal of Clinical Neuroscience 18 (2011) 102–108 105



Importantly, these astrocytes remained active, even in the end
stages of chronic disease.46

The role of glial activation in the pathogenesis of glaucoma re-
mains poorly understood. Astrocytes are the major glial cell type
in the non-myelinated optic nerve head. Under normal conditions,
these cells provide metabolic and structural support for retinal
ganglion cell axons, supplying energy substrate and maintaining
extracellular pH and ion homeostasis in the periaxonal space.50

Following injury and in disease, astrocytes exhibit an activated
phenotype.51 This response is characterised by a hypertrophic
morphology and increased expression of GFAP. Additionally, reac-
tive astrocytes increase the synthesis of a variety of cell surface
molecules, growth factors, cytokines, and receptors.5 Glial activa-
tion may alter the microenvironment at the site of injury leading
to axonal injury and retinal ganglion cell degeneration. Alterna-
tively, these changes may be an attempt to preserve the integrity
of neural tissues.

The effectors of glial-mediated neuronal injury continue to be
identified. In a rodent model of glaucoma induced by translimbal
diode laser of the trabecular meshwork, Martin et al. demonstrated
diminished glutamate reuptake by activated glial cells.52 In addi-
tion, Tezel and Wax showed that activated glial cells produce the
cell death mediators TNF-alpha and nitric oxide in a cell culture
model.53 Another mediator of neural injury receiving increasing
attention is gap junction communication. The present study estab-
lishes that activated glial cells upregulate the gap junction protein
connexin43 in primary open angle glaucoma.

Upregulation of connexin43 has been described in several neu-
rodegenerative diseases. In mesial temporal lobe epilepsy, a neuro-

degenerative disease characterised by reactive astrocytic
proliferation in the hippocampus, Fonseca et al. found a highly
significant increase in astrocytic connexin43 protein levels.54 In a
separate study, Nagy et al. reported increased expression of
connexin43 at the site of amyloid plaques in Alzheimer’s disease
associated with reactive astrocytes,55 and Vis et al. have described
increased connexin43 expression in conjunction with astrocytosis
in the caudate nucleus of Huntington diseased human brain.36

Parkinson’s disease is a common neurodegenerative disease caused
by the loss of dopaminergic neurons in the substantia nigra-stria-
tum. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of
Parkinson’s disease, an increase in connexin43 expression was
observed in the striatum.35 Alterations in connexin43 expression
have also been described in other neuropathological conditions
including ischaemic stroke,18,28,56 traumatic brain injury,32 and
glioma.57 These observations may suggest a role for connexin43
in the pathogenesis of neurodegeneration following CNS injury.

To elucidate the role of connexin43-mediated gap junction
communication in neuronal injury, various methods have been
employed to modulate connexin43 expression. Using an antisense
oligodeoxynucleotide approach, Frantseva et al. reported de-
creased neuronal cell death in an in vitro model of traumatic brain
injury.18 Similarly, gap junction blockade reduced infarct volume
in a rodent model of stroke.22 In the spinal cord antisense oligode-
oxynucleotide suppression of connexin43 up-regulation reduced
inflammation and improved functional recovery following spinal
cord injury.21 Taken together, these studies suggest that connex-
in43 upregulation may have neurodestructive consequences in
CNS disease.

Fig. 4. Immunohistochemistry for connexin43 (CX43, green), glial fibrillary acidic protein (GFAP, red), and the nuclear marker 40 ,6-diamidino-2-phenylindole (DAPI, blue) in
human retinas from normal (A–C) and glaucomatous (D–F) eyes. Arrowheads indicate colocalisation of connexin43 with GFAP-positive processes in multiple layers of the
retina. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar represents 50 lm.
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It is postulated that open gap junctions allow the intercellular
diffusion of necrotic and apoptotic signals from injured cells to
healthy cells, thereby amplifying cell injury.23 This hypothesis is
supported by several lines of evidence. In an elegant series of
experiments, Asklund et al. provided evidence for the existence
of the gap junction-mediated bystander effect in primary cultures
of human malignant glioma cells.58 It has been documented that
herpes simplex virus type 1 thymidine kinase-expressing cells
incubated with ganciclovir induce cytotoxicity in neighbouring
cells.59 Asklund et al. reported that the gap junction inhibitor al-
pha-glycyrrhetinic acid reduced cell death in human glioblastoma
cell cultures transfected with the HSVtk gene, suggesting that gap
junction communication is a mediator of the bystander effect by
permitting the transfer of toxic metabolites of ganciclovir from
transfected cells to untransfected ones.58 Alternatively, gap junc-
tions may allow the diffusion of ions and other survival modulating
factors from healthy to injured cells, thereby contributing to cell
survival. In embryonic rat hippocampal cell cultures, uncoupling
of gap junctions increased neuronal vulnerability to oxidative in-
jury.60 Furthermore, blockade of gap junction coupling increased
glutamate-mediated neurotoxicity in neuron-astrocyte co-cul-
tures.61 However, these studies used non-specific gap junction
blockers that also interfere with chemical synapses, thereby con-
founding the results.

The role of connexin43 in the pathogenesis of optic nerve and
retinal disease remains relatively unexplored. Alterations in conn-
exin43 levels have been described in several in vitro62 and
in vivo63,64 models of optic nerve disease. Additionally, using real
time quantitative PCR Hernandez et al. demonstrated higher levels
of GJA1 gene expression in astrocytes from glaucomatous human
optic nerve heads compared to age matched controls.51 In the optic
nerve head astrocytes are coupled via gap junctions, allowing
propagation of extracellular cues to obtain coordinated responses.
Under exposure to elevated pressure in vitro, astrocytic gap junc-
tions close via activation of the epidermal growth factor path-
way.65 It is postulated that this closure of gap junctions may
interrupt the continuity of astrocyte intercellular communication
resulting in loss of cell-to-cell contact and impaired homeostatic
regulation.65 However, little is known about the response of conn-
exin43 in vivo, particular in human eye disease. In a rodent model
of elevated intraocular pressure, Johnson et al. reported loss of
connexin43 immunoreactivity in the transition region (equivalent
to the lamina cribrosa in humans) of the optic nerve head.63 This
observation may reflect the inherent differences between animal
models and human disease. To date, the only study to investigate
the effect of gap junction modulation on optic nerve disease is by
Danesh-Meyer et al.62 In an in vitro interphase organotypic culture
model of optic nerve ischaemia, connexin43 antisense oligodeoxy-
nucleotide treatment significantly down regulated the inflamma-
tory response.62 This finding is consistent with studies of spinal
cord injury20 and may suggest that gap junction modulation is a
potential therapeutic target for diseases of the optic nerve. Further
studies are warranted to investigate the effect of gap junction
modulation on retinal ganglion cell death following optic nerve
injury.

Another potentially important consequence of connexin43
upregulation in glaucomatous eyes may be associated with its role
in the maintenance of perivascular barriers. There is increasing evi-
dence that perivascular barriers are weakened in glaucomatous
eyes. Patients with glaucoma exhibit vascular leakage on fluores-
cein angiography66 and peripapillary chorioretinal atrophy is asso-
ciated with areas of blood-retinal barrier breakdown.67

Furthermore, optic disc haemorrhages may represent areas of per-
ivascular barrier dysfunction at the edge of the optic nerve head in
glaucoma.68 Potentially, breakdown of the blood-retinal barrier
may alter the extracellular mileu and permit the extravasation of

circulating peptides, such as the potent vasoconstrictor endothe-
lin-1.69 This may explain why patients with increased plasma lev-
els of endothelin-1 are at greater risk of progression.70 In the
present study, connexin43 was found to be upregulated in vessels
of the optic nerve head. In models of spinal cord injury, upregula-
tion of connexin43 has been reported in the walls of small blood
vessels within the white matter as early as 6 hours after injury.21

This vascular upregulation is associated with increased vessel per-
meability and the recruitment of neutrophil leucocytes, both of
which may modify neuronal and astrocytic function.21 Treatment
with connexin43 antisense oligodeoxynucleotides has been shown
to reduce both extravasation of intravenously injected fluores-
cently-labelled bovine serum albumin and the recruitment of neu-
trophil leucocytes in vivo.21 The mechanisms underlying increased
vascular permeability remain unclear.

In summary, this study demonstrates upregulation of the gap
junction protein connexin43 in the optic nerve head and retina
of patients with primary open angle glaucoma. This novel finding
warrants further investigation in both animal models and human
studies to elucidate its role in the pathogenesis of glaucoma.
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Immunolocalization of Gap Junction Protein
Connexin43 (GJA1) in the Human Retina and
Optic Nerve

Nathan M. Kerr, Cameron S. Johnson, Clairton F. de Souza, Kaa-Sandra Chee,
William R. Good, Colin R. Green, and Helen V. Danesh-Meyer

PURPOSE. Gap junctions are intercellular channels that have
been implicated in the pathogenesis of neuronal death after
central nervous system injury. This study determines the ex-
pression pattern of gap junction protein connexin43 in the
human retina and optic nerve.

METHODS. An affinity-isolated polyclonal antibody to the C-
terminal segment of the cytoplasmic domain of human con-
nexin43 was used to determine connexin43 localization. Post-
mortem human eyes were examined by immunohistochemical
staining of frozen sections using antibodies to connexin43.
Antibody binding was detected using confocal microscopy and
fluorochrome-conjugated secondary antibodies. Double-label
immunohistochemistry identified the cell types expressing
connexin43.

RESULTS. Connexin43 immunoreactivity was detected in the
human retina on glial fibrillary acidic protein (GFAP)-positive
astrocytes in the retinal ganglion cell layer and, to a lesser
extent, on the processes of glutamine synthetase-labeled Mül-
ler cells. The retinal and choroidal circulations showed strong
connexin43 immunolabeling. Dense connexin43 immunoreac-
tivity was present between adjacent cells of the retinal pigment
epithelium, and there was diffuse connexin43 immunoreactiv-
ity on GFAP-positive astrocytes in the optic nerve.

CONCLUSIONS. In the human retina and optic nerve, connexin43
is present on glia, blood vessels, and epithelial cells. An under-
standing of the distribution of connexin43 in the normal retina
and optic nerve may be used to evaluate changes associated
with retinal and optic nerve disease. (Invest Ophthalmol Vis
Sci. 2010;51:4028–4034) DOI:10.1167/iovs.09-4847

Gap junctions are intercellular conduits that permit direct
intercellular communication through the bidirectional

movement of ions, metabolites, and second messengers be-
tween neighboring cells.1 These channels play an important
role in maintaining local metabolic homeostasis and synchro-
nizing cellular activity.2 Each gap junction is formed by the
docking of two hemichannels embedded in the plasma mem-

branes of adjacent cells.3 These hemichannels, or connexons,
are formed by the oligomerization of six protein subunits
termed connexins and provide a low-resistance pathway for
current flow and for the exchange of small cytoplasmic mole-
cules up to 1 kDa.4 To date, 21 connexin genes have been
identified in the human genome encoding proteins ranging in
predicted molecular mass from 23 to 62 kDa.5 Connexin pro-
teins are designated according to their estimated molecular
mass in kilodaltons; alternatively, they may be divided into at
least four subgroups based on sequence homology and serially
numbered according to order of discovery.5 For example,
connexin43 (Cx43) has a theoretical molecular mass of 43 kDa
and was the first connexin of the !-group (GJA1).5

Connexin43 is the most abundant gap junction protein in
the central nervous system and is expressed primarily on as-
trocyte processes surrounding blood vessels and chemical syn-
apses.1 The resultant functional syncytium is thought to be
important in the maintenance of local homeostasis by buffering
and redistributing excess extracellular K! through the cyto-
plasm of a vast network of contiguous astrocytes coupled by
gap junctions.6

There is increasing interest in the role of gap junction
communication in cell death.7–9 Evidence is accumulating that
after injury to the central nervous system, open gap junctions
may allow the passage of apoptotic and necrotic signals to
adjacent cells, thereby increasing cell death.10–18 Gap junction
modulation has been identified as a potential neuroprotective
target, and recently it has been shown that gap junction inhib-
itors protect retinal cells from ischemia in a cell culture
model.19

Connexin43 expression has been found at the mRNA and
protein levels in rat, mouse, rabbit, carp, and zebrafish retina;
fish and rat retinal pigment epithelium and vasculature; and rat
nerve fiber layer.20 However, to date there has been no report
on the distribution of connexin43 expression in the human
retina or optic nerve; such information is necessary to under-
stand its role in health and disease. In the present study, we
used an immunohistochemical approach involving polyclonal
antibodies to localize connexin43 immunoreactivity in the hu-
man retina and optic nerve.

MATERIALS AND METHODS

Human tissue consisted of frozen sections obtained from eyes donated
to the New Zealand National Eye Bank. Six eyes from donors aged 29
to 83 (Table 1) were fixed in 1% paraformaldehyde for 30 minutes,
washed with phosphate-buffered saline, and cryoprotected in an in-
creasing sucrose gradient. The tissue was subsequently embedded in
optimal cutting temperature compound before it was rapidly frozen by
immersion in liquid nitrogen. Sagittal 16-"m cryosections were cut and
thaw-mounted on slides (SuperFrost; Menzel-Gläser, Braunschweig,
Germany). Slide-mounted retinas were rinsed in phosphate-buffered
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saline and blocked in 6% normal goat serum, 1% bovine serum albu-
min, 0.4% Triton X-100, and 0.05% thimerosal in phosphate-buffered
saline for 1 hour at room temperature. Sections were subsequently
incubated with the primary antibodies overnight at 4°C. A list of
primary antibodies used in this study is shown in Table 2. All antibodies
were obtained from commercial sources and were diluted in phos-
phate-buffered saline. Negative controls were included by omitting the
primary antibody; these did not yield any staining patterns. Immuno-
reactivity was visualized using either goat anti-rabbit or goat anti-mouse
IgG secondary antibodies conjugated to either Alexa-488 or Cy3, ex-
cept for glial fibrillary acidic protein (GFAP), which was preconjugated
to Cy3. Sections were washed and coverslipped using antifade reagent
(Prolong Gold; Invitrogen, Eugene, OR) with 4",6-diamidino-2-phe-
nylindole and sealed with nail polish. Slides were viewed with a
confocal microscope (FV1000; Olympus, Tokyo, Japan). Informed con-
sent was obtained from donors’ relatives, and the tenets of the Decla-
ration of Helsinki were upheld.

RESULTS

General Observations

Connexin43 immunoreactivity was detected in several loca-
tions in the human retina and optic nerve (Table 3). In the
retina, strong labeling was detected in the retinal ganglion cell
layer, and moderate labeling was present in the inner nuclear
and plexiform layers. Beneath the neurosensory retina there
was strong labeling in the retinal pigment epithelium and
choroid. In the optic nerve there was abundant connexin43
immunoreactivity.

Association of Connexin43 Immunoreactivity
with Retinal Glia

To determine the relationship between the expression of con-
nexin43 and glial cells in the human retina, cryosections were
double-labeled with connexin43 and GFAP, glutamine syn-
thetase, or oligodendrocyte specific protein (Fig. 1). The latter

three are markers for astrocytes, Müller cells, and oligodendro-
cytes, respectively. In the retinal ganglion cell layer, con-
nexin43 immunoreactive puncta were located almost exclu-
sively along GFAP-positive astrocyte processes (Fig. 1A).
Where GFAP-positive astrocyte processes extended into the
inner plexiform layer, these also colocalized with connexin43
immunoreactive puncta (Fig. 1B). Additionally, connexin43
immunoreactivity was detected on Müller cells labeled with
glutamine synthetase (Fig. 1C). These specialized radial glial
cells span the entire thickness of the retina from the inner to
the outer limiting membrane. Müller cells labeled with con-
nexin43 in the synaptic plexiform layers and both the inner
and outer nuclear layers (Fig. 1D). However, in the retinal
ganglion cell layer, it was difficult to determine whether con-
nexin43 immunoreactivity was present on Müller cells or ret-
inal astrocytes. No oligodendrocyte-specific, protein-labeled
cells were detected in the retinas of any of the subjects exam-
ined (not shown).

Association of Connexin43 Immunoreactivity
with Vascular Elements

Blood vessels were visualized by incubation with von Wille-
brand factor (vWF), a glycoprotein synthesized exclusively by
endothelial cells and megakaryocytes that is stored in intracel-
lular granules or constitutively secreted into plasma. Con-
nexin43 colocalized with vWF-positive cells in both the retinal
and the choroidal circulations (Figs. 2, 3). Within the retina,
punctate connexin43 immunoreactivity was present on retinal
blood vessels in the inner plexiform, inner nuclear, and outer
plexiform layers (Fig. 2). In the choroidal circulation, con-
nexin43 immunoreactivity was observed in capillaries similar
to those seen in Figure 2 and on endothelial cells of larger
choroidal blood vessels (Fig. 3). In addition, diffuse punctate
labeling occurred, most likely in association with connective
tissue fibroblasts.

TABLE 1. Characterization of Ocular Specimens

Donor Age (y) Sex Ethnicity Cause of Death Ocular Disease

1 29 Male Caucasian MI None
2 29 Male Caucasian Drowning None
3 36 Female Caucasian MVA None
4 68 Male Caucasian Pneumonia None
5 72 Female Caucasian MI None
6 83 Male Caucasian MI None

MI, myocardial infarction; MVA, motor vehicle accident.

TABLE 2. Primary Antibodies Used in This Study

Antibody Host Source Dilution

Calbindin D28K Mouse Sigma (C9848) 1:1000
Calretinin Mouse BD Biosciences (610908) 1:1000
Connexin43 Rabbit Sigma (C6219) 1:2000
GFAP-Cy3 Mouse Sigma (C9205) 1:1000
Glutamine synthetase Mouse BD Biosciences (610518) 1:3000
Islet-1 Mouse Hybridoma Bank 1:500
Oligodendrocyte-specific protein Rabbit Chemicon (ab7474) 1:500
Parvalbumin Mouse Sigma (P3088) 1:500
SMI32 Mouse Sternberger Monoclonals (SMI32) 1:1000
von Willebrand factor Mouse Novocastra (NCL-vWF) 1:100

Sigma: Sigma-Aldrich, St. Louis, MO; BD Biosciences: BD Biosciences, San Jose, CA; Hybridoma Bank: Developmental Studies Hybridoma Bank
at the University of Iowa, Iowa City, IA (http://dshb.biology.uiowa.edu/); Chemicon: Chemicon International Inc., Billerica, MA; Sternberger
Monoclonals: Sternberger Monoclonals Inc., Baltimore, MD; Novocastra: Novocastra Laboratories Ltd., Newcastle upon Tyne, United Kingdom.
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Association of Connexin43 Immunoreactivity
with Retinal Neuronal and Epithelial Elements

Double labeling with cell-specific neuronal markers was per-
formed to determine whether retinal neurons express con-
nexin43. No punctate connexin43 label suggestive of gap junc-
tions was found to be associated with any of the neuronal
specific markers calretinin, calbindin, parvalbumin, or islet-1.
However, a small subpopulation of cell nuclei in the ganglion
cell and inner nuclear layers was observed to have diffuse
nuclear-associated connexin43 label (Fig. 1C). Occasionally,
these nuclei were also calretinin positive. In the retinal pig-
ment epithelium, immunostaining for connexin43 revealed a

distinctive pattern. In this layer there was substantial punctate
labeling at the margins of adjacent epithelial cells (Fig. 3).

Connexin43 Immunoreactivity in the Optic Nerve

Within the optic nerve there was very strong connexin43
immunoreactivity. Connexin43 immunoreactive puncta and
SMI32-positive retinal ganglion cell axons were compartmen-
talized into distinct bundles (Fig. 4A). However, the con-
nexin43 label did not appear to be associated with the nerve
axons themselves but predominantly colocalized with GFAP-
positive astrocytes (Figs. 4B–D). Around optic nerve blood

TABLE 3. Connexin43 Immunoreactivity in the Human Retina and Optic Nerve

Donor Age (y) NFL GCL IPL

INL

OPL ONL Ph RPE Ch ON
Amacrine

Cells
Bipolar

Cells
Horizontal

Cells
Müller
Cells

1 29 !! !! ! # # # ! ! ! ! !! !! !!!
2 29 !! !! ! # # # ! # # ! ! !!! !!!
3 36 !!! !!! # # # # ! # ! !! !! !! !!!
4 68 !!! !!! # # # # ! ! ! !! !! !!! !!!
5 72 !!! !!! ! # # # ! ! !! !! !! !!! !!!
6 83 !!! !!! ! # # # ! ! ! ! ! !!! !!!

NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer; Ph, photoreceptor layer; RPE, retinal pigment epithelium; Ch, choroid; ON, optic nerve. #, no labeling; !, weak labeling; !!,
moderate labeling; !!!, strong labeling.

FIGURE 1. Double-labeled immu-
nofluorescence patterns of con-
nexin43 with glial cell markers in
the human retina. (A) Connexin43
immunofluorescence was detected
in the ganglion cell layer on GFAP-
positive astrocyte processes. (B)
Retinal astrocyte process extending
through the inner plexiform layer
colocalizing with connexin43 im-
munoreactive puncta (arrowhead).
(C, D) Faint connexin43 immunore-
active puncta were observed in as-
sociation with GS-labeled Müller
cell processes in the synaptic plex-
iform layers and in both the inner
and outer nuclear layers (arrow-
heads). Note the perinuclear con-
nexin43 immunoreactivity in a sub-
population of nuclei in the ganglion
cell and inner nuclear layers (white
arrows). GFAP, glial fibrillary acidic
protein; GS, glutamine synthetase;
GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear
layer; ONL, outer nuclear layer.
Scale bar, 20 "m.
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vessels and at the glial limitans, strong connexin43 immunore-
activity was observed.

DISCUSSION

Connexins are a class of proteins that form gap junctions
between cells in various mammalian tissues. Gap junction
communication may be important in the pathogenesis of neu-
ronal degeneration and has been identified as a potential neu-
roprotective target.2 The present study establishes that con-
nexin43 is expressed on glia, blood vessels, and epithelial cells
in the human retina and optic nerve. The expression pattern in
the human shows significant homology with other vertebrates.
Janssen-Bienhold et al.20 characterized the distribution of con-
nexin43 expression in five different vertebrates using immu-
noblotting and immunofluorescence microscopy. Connexin43
was found to be present in the retinal pigment epithelium of all
test species and in blood vessels of vascularized retinas in the
fish and rat.20 In the rat, connexin43 was also localized to the
nerve fiber layer, most likely on astrocytes.20 Connexin43
immunolabeling has also been detected colocalized with GFAP
in the ganglion cell layer of the mouse21 and the medullary ray
region of the rabbit,22 suggesting that connexin43 is the major
connexin protein of astrocytes in the mammalian retina. Glial
connexin43 immunoreactivity has been further characterized
by Zahs et al.,23 who demonstrated homotypic gap junction
coupling between astrocytes and heterotypic coupling be-
tween astrocytes and Müller cells. Injection of the gap-junction
permeant tracer Lucifer yellow combined with simultaneous
whole-cell patch recording has confirmed functional astrocyte-

astrocyte and astrocyte-Müller cell coupling.24 Additionally,
Müller cell endfoot processes are believed to be coupled
through gap junctions at the internal and external limiting
membranes.25,26 Gold and Dowling25 reported connexin43

FIGURE 2. Connexin43 immunoflu-
orescence in retinal blood vessels.
(A) Sagittal section of the nerve fiber
layer and ganglion cell layer double-
labeled with connexin43 and vWF.
Strong connexin43 immunoreactiv-
ity was observed in the inner vascu-
lar plexus. (B) Z-stack projection of a
retinal capillary at the junction of the
inner plexiform and inner nuclear
layers (white arrows). Connexin43
immunofluorescence was detected
between walls of the vessel lumen
labeled with vWF (arrowheads). (C,
D) Outer vascular plexus. Con-
nexin43 immunoreactivity exhibited
a “train track” pattern (arrowheads).
vWF, von Willebrand factor; GCL,
ganglion cell layer; INL, inner nu-
clear layer. Scale bar, 20 "m.

FIGURE 3. Connexin43 immunoreactivity in the retinal pigment epi-
thelium and choroid. Strong connexin43 immunoreactivity was noted
in the retinal pigment epithelium (arrowheads). In the choroid, con-
nexin43 immunoreactivity was associated with endothelial cells of
larger blood vessels and formed a radial spoke-like appearance (white
arrow). Diffuse punctate connexin43 immunoreactivity was also
present in the choroid, most likely in association with connective
tissue fibroblasts. RPE, retinal pigment epithelium; BV, blood vessel.
Scale bar, 20 "m.
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immunoreactivity on the external limiting membrane of the
cane toad, whereas Giblin and Christensen26 described a sim-
ilar pattern in the catfish retina. This is supported by the work
of Mobbs et al., 27 who described strong electrical and dye
coupling between Müller cells in the axolotl. In contrast to
higher vertebrates, lower vertebrates show extensive coupling
of Müller cells through connexin43.28 As the only glial cells in
lower vertebrate retinas, Müller cells are thought to play an
important role in K! ion buffering by forming a functional
syncytium mediated by connexin43 gap junctions.29 However,
simultaneous whole-cell current-clamp recordings between
glial cells in the isolated rat retina would suggest that gap
junctions may permit the intercellular spread of ions and small
molecules, including messengers mediating Ca2! wave propa-
gation, but are too weak to carry significant K! spatial buffer
currents.30

Vascular endothelial expression has been described in the
retinas of the and fish.20 This is consistent with the known
expression of connexin43 in the aorta31 and coronary arter-
ies32 of the rat. Electron microscopy and immunohistochemi-
cal studies have shown that connexin43 is predominantly ex-
pressed on vascular smooth muscle cells.33 Although
expression is also observed between endothelial cells, the
density of connexin43 gap junctions is lower for junctional
plaques between endothelial cells than for those between
smooth muscle cells.33 The presence of endothelial cell-endo-
thelial cell, smooth muscle cell-smooth muscle cell, and endo-
thelial cell-smooth muscle cell coupling has been confirmed by
ultrastructural studies.34 In addition, pericytes have been
shown to express connexin43.35

The role of gap junctions in blood vessels continues to be
elucidated. It has been suggested that intercellular communi-
cation through gap junctions between smooth muscle and/or
endothelial cells may mediate vasodilation and vasoconstric-
tion through the integration of neural and endothelial signals
across the vessel wall.36,37 Additionally, gap junctions may
allow the diffusion of second-messenger molecules through
vascular wall cells.36 Direct cell-to-cell communication by way
of gap junction channels may be particularly important in the
maintenance of vascular homeostasis in retinal capillaries.35 It
has been shown that gap junction communication is influ-
enced by cytokines such as TNF-!38 and that the release of
such cytokines may trigger the loss of pericytes through apo-
ptosis,39 leading to increased vascular permeability. Further-
more, in conditions such as diabetes, there is a significant
increase in connexin43-mediated junctional permeability in
other vascular tissues.40

The significance of diffuse connexin43 immunoreactivity
surrounding a subpopulation of neuronal cell nuclei in the
ganglion cell layer and inner nuclear layer is unclear. It is likely
that this pattern of immunolabeling represents nonspecific
binding to an evenly distributed protein carrying a connexin43-
related epitope.20 In the human retina, the inner nuclear layer
contains horizontal, bipolar, and amacrine cell bodies.41 Hori-
zontal cells form a single layer at the outer border of the inner
nuclear layer, whereas amacrine cells form a layer two to three
cells deep adjacent to the inner plexiform layer.41 Gap junc-
tions have been reported on several neuronal cell types in the
mammalian retina and are believed to be critical for rapid
interneuronal communication and the integration and propa-

FIGURE 4. Connexin43 immunore-
activity in the human optic nerve.
(A) Longitudinal section of the hu-
man optic nerve labeled with con-
nexin43 and SMI32. Connexin43
immunoreactive puncta and SMI32-
positive axons were compartmen-
talized into distinct bundles. Strong
connexin43 immunoreactivity was
present in association with the glial
limitans (arrowhead). (B–D) Dou-
ble-label immunohistochemistry
with GFAP showing that con-
nexin43 gap junctions are predom-
inantly astrocytic: connexin 43
(green); GFAP (red); colocalization
(yellow). GFAP, glial fibrillary
acidic protein. Scale bar, 150 "m.
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gation of signals.26 Janssen-Bienhold et al.20 reported con-
nexin43 expression on a subpopulation of amacrine cells in the
zebrafish and horizontal cells in the carp retina. Giblin and
Christensen26 observed infrequent labeling of the inner nu-
clear layer of the mouse. Connexin43 immunoreactivity has
been reported in the plexiform layers and may represent syn-
aptic interneuronal gap junctions.42 However, it is possible
that the immunoreactivity observed in these studies was
caused by the labeling of Müller cells passing through the
plexiform layers. Further studies are therefore needed to con-
firm the presence of connexin43 gap junction coupling be-
tween retinal neurons in the inner and outer plexiform layers.

Connexin43 expression has been reported on epithelial
cells in the vertebrate retina.20 We observed extensive gap
junction expression between cells of the retinal pigment epi-
thelium. This is consistent with findings in the rat, mouse,
rabbit, chicken, turtle, carp, and zebrafish.20 Retinal pigment
epithelial cells have been shown to be coupled using Lucifer
yellow injections in cultured cells of the chick embryo.43

Furthermore, cultured rat retinal pigment cells have been
shown to propagate Ca2! waves, and this propagation can be
inhibited by the gap junction blocker halothane.44 It has been
suggested that this junctionally coupled epithelial syncytium
may also function as a spatial buffering system for extracellular
potassium in the outer retina.20

In the optic nerve connexin43 immunoreactivity was ob-
served in a diffuse and granular pattern, corresponding with
astrocyte processes. This is consistent with studies in the rat
that have demonstrated connexin43 on type 1 but not type 2
astrocytes.45 The increased connexin43 immunoreactivity ob-
served at the edge of the nerve likely represents increased
numbers of astrocyte processes forming a barrier at the pia
mater.42 Connexin43 has been reported on oligodendrocytes
in the adult rabbit retina, although connexin32 is considered to
be the predominant connexin on these cells.46

There is a paucity of information regarding the role of
connexin43 in the retina and optic nerve; central nervous
system research may provide insights into retinal and optic
nerve disease. Alterations in connexin43 expression levels
have been described after stroke,47 brain ischemia,48–50 trau-
matic brain injury,51 and spinal cord injury.12,13,52,53 Modula-
tion of connexin43 expression has been shown to be neuro-
protective in both brain and spinal cord disease models.
Frantseva et al.10 demonstrated that acute knockdown of con-
nexin43 using antisense oligodeoxynucleotides reduced cell
death using an in vitro model of traumatic brain injury. Simi-
larly, partial reduction of connexin43 expression decreased
cell death in an in vitro model of ischemia-induced brain
damage.54 In the spinal cord, O’Carroll et al.12 showed that
connexin43 mimetic peptides reduce swelling, astrogliosis,
and neuronal cell death after spinal cord injury. This is consis-
tent with the findings of Cronin et al.13 who, using a different
method of connexin43 modulation, demonstrated reduced in-
flammation and improved functional recovery after spinal cord
injury in rats. Similar downregulation of inflammation has been
observed in the optic nerve.55 Danesh-Meyer et al.55 found that
connexin43 antisense oligodeoxynucleotide treatment down-
regulates the inflammatory response in an in vitro interphase
organotypic culture model of optic nerve ischemia. However,
some authors have reported that gap junction blockade may be
deleterious after central nervous system injury.56,57 Therefore,
further studies are required to elucidate the neuroprotective or
neurotoxic effects of gap junction modulation.

In summary, our results show widespread expression of
connexin43 in the human retina and optic nerve and can be
used as a basis for comparison with disease. Because of their
importance to the maintenance of extracellular homeostasis
and intercellular communication, tracking them may be useful

for understanding the pathogenesis of diseases of the retina
and optic nerve. Modulation of connexin43 expression may
represent a potential neuroprotective target for minimizing
injury to the optic nerve and retina.
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Sáez JC. Role of connexin-based gap junction channels and
hemichannels in ischemia-induced cell death in nervous tissue.
Brain Res Rev. 2004;47:290–303.

8. Nakase T, Naus CCG. Gap junctions and neurological disorders of
the central nervous system. Biochim Biophys Acta. 2004;1662:
149–158.

9. Rouach N, Avignone E, Meme W, et al. Gap junctions and con-
nexin expression in the normal and pathological central nervous
system. Biol Cell. 2002;94:457–475.

10. Frantseva MV, Kokarovtseva L, Naus CG, Carlen PL, MacFabe D,
Perez Velazquez JL. Specific gap junctions enhance the neuronal
vulnerability to brain traumatic injury. J Neurosci. 2002;22:644–
653.

11. Nakase T, Sohl G, Theis M, Willecke K, Naus CCG. Increased
apoptosis and inflammation after focal brain ischemia in mice
lacking connexin43 in astrocytes. Am J Pathol. 2004;164:2067–
2075.

12. O’Carroll SJ, Alkadhi M, Nicholson LF, Green CR. Connexin 43 mi-
metic peptides reduce swelling, astrogliosis, and neuronal cell death
after spinal cord injury. Cell Commun Adhes. 2008;15:27–42.

13. Cronin M, Anderson PN, Cook JE, Green CR, Becker DL. Blocking
connexin43 expression reduces inflammation and improves func-
tional recovery after spinal cord injury. Mol Cell Neurosci. 2008;
39:152–160.

14. Rawanduzy A, Hansen A, Hansen TW, Nedergaard M. Effective
reduction of infarct volume by gap junction blockade in a rodent
model of stroke. J Neurosurg. 2009;87:916–920.

15. Lin JH, Weigel H, Cotrina ML, et al. Gap-junction-mediated propaga-
tion and amplification of cell injury. Nat Neurosci. 1998;1:494–500.

16. Garcia-Dorado D, Inserte J, Ruiz-Meana M, et al. Gap junction
uncoupler heptanol prevents cell-to-cell progression of hypercon-
tracture and limits necrosis during myocardial reperfusion. Circu-
lation. 1997;96:3579–3586.

17. Warner DS, Ludwig PS, Pearlstein R, Brinkhoust AD. Halothane
reduces focal ischemic injury in the rat when brain temperature is
controlled. Anesthesiology. 1995;82:1237–1245.

18. Rami A, Volkmann T, Winckler J. Effective reduction of neuronal
death by inhibiting gap junctional intercellular communication in
a rodent model of global transient cerebral ischemia. Exp Neurol.
2001;170:297–304.

19. Das S, Lin D, Jena S, et al. Protection of retinal cells from ischemia
by a novel gap junction inhibitor. Biochem Biophys Res Commun.
2008;373:504–508.

20. Janssen-Bienhold U, Dermietzel R, Weiler R. Distribution of con-
nexin43 immunoreactivity in the retinas of different vertebrates.
J Comp Neurol. 1998;396:310–321.

21. Guldenagel M, Sohl G, Plum A, et al. Expression patterns of connexin
genes in mouse retina. J Comp Neurol. 2000;425:193–201.

22. Zahs KR, Ceelen PW. Gap junctional coupling and connexin im-
munoreactivity in rabbit retinal glia. Vis Neurosci. 2006;23:1–10.

IOVS, August 2010, Vol. 51, No. 8 Gap Junction Protein Connexin43 (GJA1) 4033



23. Zahs KR, Kofuji P, Meier C, Dermietzel R. Connexin immunoreactiv-
ity in glial cells of the rat retina. J Comp Neurol. 2003;455:531–546.

24. Zahs KR, Newman EA. Asymmetric gap junctional coupling be-
tween glial cells in the rat retina. Glia. 1997;20:10–22.

25. Gold GH, Dowling JE. Photoreceptor coupling in retina of the
toad, Bufo marinus, I: anatomy. J Neurophysiol. 1979;42:292–
310.

26. Giblin LJ, Christensen BN. Connexin43 immunoreactivity in the
catfish retina. Brain Res. 1997;755:146–150.

27. Mobbs P, Brew H, Attwell D. A quantitative analysis of glial cell
coupling in the retina of the axolotl (Ambystoma mexicanum).
Brain Res. 1988;460:235–245.

28. Ball AK, McReynolds JS. Localization of gap junctions and tracer
coupling in retinal Muller cells. J Comp Neurol. 1998;393:48–57.
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