
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

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 recognize 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. 

 

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://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


Cell penetrating peptide for 
ocular drug delivery 

Frazer Paul Coutinho 

Department of Ophthalmology 

Faculty of Medical and Health Sciences 

The University of Auckland 

New Zealand 

A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
(Biomedical Sciences), The University of Auckland, 2018. 



Abstract 
Background and Aim: Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss in 

the ageing population of the developed world. Choroidal neovascularisation (CNV), the hallmark of neovascular 

AMD, results in the loss of sharp central vision due to breakdown of the blood retinal barrier (BRB), 

unregulated blood vessel proliferation and vascular leak, particularly into the macula of the retina. The 

inflammatory and hypoxic pathology of neovascular AMD has been linked to uncontrolled Connexin43 (Cx43) 

hemichannel (HC) opening in the retina and the vasculature of the eye, leading to cell death, vascular 

permeability and vision loss. Cx43 HC block has proven to be effective in inhibiting the inflammatory cascade in 

various in vitro and in vivo ocular models. Gap19 is an intracellularly acting connexin mimetic peptide, said to 

be Cx43 HC specific without effecting cell-to-cell communication. Gap19, however, has low cell permeability. To 

improve cell uptake, Gap19 was fused with the cell penetrating peptide, Xentry, which specifically binds to cell 

surface expressed Syndecan-4 receptors that are upregulated in inflammatory and hypoxic injury. Therefore, 

the overall hypothesis of this thesis is that the fusion peptide Xentry-Gap19 (XG19) is targeted specifically to 

injured cells in neovascular AMD to restore vascular normality and repair the BRB without affecting healthy 

cells. 

Methods: XG19 uptake and HC block assays were first carried out in in vitro cell cultures under normal and 

injury conditions. The therapeutic efficacy of XG19 was subsequently evaluated in an in vivo mouse model of 

laser induced CNV. Finally, the therapeutic potential of XG19 was investigated by assessing Syndecan-4 

expression in human donor retinas with diagnosed AMD. This investigation was extended into cancer tissues in 

order to demonstrate the wider therapeutic potential of XG19 beyond neovascular AMD. 

Results and Discussion: XG19 readily entered cultured cells in a Syndecan-4 dependent manner, with uptake 

increased under hypoxic and inflammatory injury conditions due to increased Syndecan-4 expression. In 

functional assays, XG19 blocked HC opening, inhibiting both adenosine triphosphate (ATP) release and 

fluorescent dye uptake. XG19 inhibition of Cx43 HC opening also maintained cell viability under injury 

conditions. Furthermore, XG19 did not interfere with gap junction communication confirming that XG19 

specifically blocks uncontrolled pathological Cx43 HC opening in diseased cells without affecting healthy cells. 

In the in vivo mouse model of laser induced CNV, XG19 reduced lesion spread, CNV volume and retinal 

expression of Syndecan-4, Cx43 and glial fibrillary acidic protein (GFAP) used as markers of inflammation. 

Investigation of human retinal donor tissue with diagnosed AMD confirmed the expression of inflammatory 

markers seen in the animal model suggesting that XG19 treatment will likely reduce inflammation and promote 

tissue healing in the human condition. Investigation of cancer tissues revealed high Syndecan-4 labelling in 

hypoxic tumours as well as in brain blood vessels surrounding the tumour. This provided a further example 

where XG19 could specifically target diseased cells in order to shut down the inflammatory cascade and repair 
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the surrounding vasculature. In cancers, this could allow improved delivery and efficacy of anti-cancer 

therapies in hypoxic regions of the tumour.         

Conclusion: XG19 has the potential to specifically block uncontrolled pathological Cx43 HC opening which 

occurs in diseased tissues in neovascular AMD, thus reducing retinal inflammation and promoting tissue repair. 

Being Cx43 HC specific, it does this without impacting upon normal cell-to-cell communication. Furthermore, 

XG19 has the potential to be extended as a therapeutic for other hypoxic and inflammatory diseases beyond 

neovascular AMD.   
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  Chapter 1: Introduction 
1.1. Ocular anatomy  

The eye is a highly structured organ with multiple components working in concert to provide functional vision. 

Light passes through the cornea at the front of the eye and travels to the retina at the back of the eye. As 

shown in Figure 1.1, the eye has three major fluid filled chambers. The anterior (between cornea and iris) and 

posterior (between iris and lens) chambers are part of the anterior cavity, and are filled with aqueous humour. 

The posterior cavity is separated from the anterior cavity by the lens and contains the vitreous chamber. The 

vitreous chamber is the largest of the three fluid chambers and contains a clear viscous fluid called the vitreous 

humour which maintains the shape of the posterior chamber of the eye1. The eye consists of three major 

layers. The outer layer of the eye encompasses the cornea and the sclera, which protects the internal 

structures of the eye and maintains the shape of the eye ball. The middle layer, also called the uvea, consists of 

the structures underlying the sclera which include the iris and ciliary body in the anterior segment and the thin 

vascular layer called the choroid in the posterior two thirds of the eye. The inner layer consists of the highly 

organised light sensitive tissue of the eye called the retina2-4. When light reaches the photoreceptors located in 

the retina, a biochemical process is triggered converting the light into an electrical signal that is passed onto 

the optic nerve, sending the signal to the brain for processing, resulting in functional vision4. 

 

Figure 1.1. Anatomical locations of key ocular structures. A stylised diagram of the human eye indicating the 
locations of major ocular structures in the outer (red), middle (green) and inner layer (purple). Anterior, 
posterior and vitreous fluid filled chambers are labelled in blue. 
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  Chapter 1: Introduction 
1.1.1. The retina 

The central area of the retina is called the macula and beyond this is the peripheral retina which spans to the 

ora serrata (junction where  the retina meets the ciliary body)4. The macula is used for fine detailed colour 

vision while the peripheral retina is used for night and peripheral vision2,4. The highly organised structure of the 

retina, as shown in Figure 1.2, can been described as three nerve cell body layers and two synaptic layers2,4,5. 

The outer nuclear layer (ONL) contains the nuclei of light sensitive photoreceptors; rods and cones. Rods and 

cones differ in shape, size, function and distribution across the retina. Rods have low spatial resolution but are 

extremely sensitive to light, while cones have high spatial resolution, low light sensitivity and are also 

responsible for colour vision2,4. The fovea is the central region of the macula and contains a dense population 

of cones while the peripheral retina contains a larger distribution of rods, further outlining their roles in central 

and peripheral vision, respectively. The cell bodies of bipolar, horizontal and amacrine cells are contained in the 

inner nuclear layer (INL) while ganglion cells and displaced amacrine cells are contained in the ganglion cell 

layer (GCL)4. Two synaptic layers separate these nerve cell layers. The first of these is the outer plexiform layer 

(OPL) where connections between rods and cones, and vertically running bipolar cells and horizontally 

orientated horizontal cells occur. The bipolar cells have a central body from which two sets of processes arise 

that synapse with either the photoreceptors or the horizontal cells. Bipolar cells are specialised for 

communication with only one type of photoreceptor and can be specifically referred to as rod bipolar or cone 

bipolar cells4. In the absence of light, glutamate release from the photoreceptors acts on the laterally 

functioning horizontal cells, stimulating the release of the inhibitory messenger gamma-aminobutyric acid 

(GABA) onto neighbouring photoreceptors as a feedback mechanism to reduce cell signalling in low light. The 

second synaptic layer is the inner plexiform layer (IPL) which functions as a relay station for bipolar cells. 

Bipolar cells transmit information from the photoreceptors or horizontal cells to ganglion cells which feed into 

the optic nerve2. Amacrine cells like horizontal cells function laterally and can interact in networks to influence 

and integrate ganglion cell signalling4. The communication between cells in the IPL is required for the formation 

of the visual image which is transmitted to the brain via the optic nerve4. The inner surface of the retina which 

borders the vitreous humour is the inner limiting membrane (ILM) and is composed of laterally contacting end 

feet of Müller cells and associated basement membrane. This layer forms a diffusion barrier between the retina 

and vitreous humour2,4,6. Müller cells are the radial glial cells which form adherence junctions with 

photoreceptors, resulting in the outer limiting membrane (OLM)7. This creates a retinal barrier within the 

subretinal space where photoreceptors project to be in close contact with the retinal pigment epithelium (RPE) 

which is a monolayer of cells that sits upon the vascular bed referred to as the choroid4,7. Therefore, the 

regions from the ILM to the OLM are referred to as the inner retina while the photoreceptor, RPE layer and 

choroid are referred to as the outer retina8.  
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  Chapter 1: Introduction 

 

Figure 1.2. Anatomy of the retina. Stylized image of the organisation of retinal cells from ganglion cells in the 
superior ganglioncell layer, to retinal pigment epithelial cells in the inferior retinal pigment epithelium layer (a). 
Human retinal section indicating retinal layers with the inner limiting membrane in the superior portion of the 
section to the retinal pigment epithelium layer in the inferior section (b). Original image modified from 
Webvision: The Organization of the Retina and Visual System, Simple Anatomy of the Retina4. Licenced under 
CC BY-NC 4.0. 

The RPE layer is essential for maintaining the functional and structural integrity of the retina. This layer forms 

the outer blood retinal barrier (BRB) between the choroidal vasculature and the subretinal space where the 

photoreceptors reside9. It consists of a monolayer of cells which spans from the optic disk to the ora serrata 

and continues as the pigmented layer of the ciliary epithelium. The RPE separates the photoreceptors at its 

apical surface from the choroid at its basal surface2. Since the RPE layer does not contain any neuronal cells and 

does not directly contribute to vision, it has been described as the non-sensory part of the retina2. The location 

of the RPE cells is essential for the transport of nutrients from the choroidal blood vessels to the outer layers of 

the sensory retina as well as for the removal of metabolic waste products from the sensory retina10. The apical 

surface of RPE cells is sealed by tight junctions to form the external retinal barrier. The apical cell processes 

contain granules of melanin pigment which absorb excess light reaching the photoreceptors. Microvilli at the 

apical surface extend into the subretinal space and surround the outer segments of the photoreceptors10. A 

single RPE cell can support 30-50 photoreceptors which further outlines the importance of this cell layer in 

maintaining homeostasis and facilitating the high metabolic demand of the retina11. The outer BRB consists of 

an epithelial component constituted by the RPE as well as a vascular component constituted by the choroid12.  

The retina is one of the highest oxygen consuming tissues of the body and is supplied by two vascular 

sources1,2,13. Inner retinal cells are nourished by the central retinal artery while the outer retina, 

photoreceptors and RPE are nourished by choroidal blood vessels4. While the retina is one of the most 

4 
 

https://creativecommons.org/licenses/by-nc/4.0/
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metabolically demanding tissues in the body, it is avascular and is therefore heavily dependent on blood flow 

from choroidal vessels (choriocapillaris) in order for the eye to function efficiently and even acting as a 

temperature control system for the retina3,5,14. 

1.1.2. The choroid  

The innermost layer of the choroid is the Bruch’s membrane (BM), which is an extracellular matrix consisting of 

a network of collagen and elastin fibres and basal lamina material. It is located between the RPE layer and the 

choriocapillaris15. The BM acts as a molecular sieve, regulating the exchange of biomolecules, nutrients, oxygen 

and metabolites between the retina and the general circulation, thus maintaining the BRB2,15. The 

choriocapillaris lines the BM and contains fenestrated capillaries that supply oxygen and nutrients to the outer 

layers of the retina and fovea. The choroid is one of the most vascularised tissues, receiving the highest blood 

flow of any tissue of the body3. At the fovea, the choriocapillaris is thickest to supply the large density of 

photoreceptors. The photoreceptor density and the thickness of the choriocapillaris, decreases towards the 

periphery of the retina2,3. The choroidal supply to the photoreceptors is mediated by the RPE layer. Essential 

metabolites pass through transporter channels present on RPE cells from the choroid to the photoreceptors. 

RPE cells also prevent the accumulation of metabolic end products, water and ions produced by the 

photoreceptors and neurons in the subretinal space by transporting these into the choroidal blood supply16. 

Therefore, RPE layer and choroidal supply work in concert to maintain homeostasis of the retina.      

1.2. Age-related macular degeneration 

Age-related macular degeneration (AMD) contributes to 8.7% of all blindness worldwide making it the most 

common cause of severe irreversible vision loss in the ageing population of the developed world17-20. In 2014 the 

estimated number of individuals in New Zealand between the ages of 45 to 85 diagnosed with AMD was 

184,400. This number is expected to increase to 208,200 by 202621. AMD pathology takes place in the macula 

which is responsible specifically for the perception of colour and fine visual detail4,22. There are two forms of 

AMD. The more common dry (non-exudative) form of AMD is a chronic disease that causes some degree of visual 

impairment due to a build-up of drusen deposits under the retina. Dry AMD is generally less severe but can 

progress to the more severe neovascular form of AMD and is therefore considered a risk factor for neovascular 

AMD22,23. Neovascular AMD is characterised by subretinal choroidal neovascularisation (CNV) and is responsible 

for approximately 90% of severe vision loss due to AMD24,25. A key feature of CNV is the overexpression of 

vascular endothelial growth factor (VEGF) resulting in the unregulated growth of blood vessels. Vascular 

permeability and haemorrhage of these blood vessels gives rise to the AMD pathology26,27. AMD symptoms 

include the blurring of central vision, making straight lines appear wavy and can occur in a single eye only with 

symptoms going unnoticed until the second eye becomes affected28.  

The pathogenesis of AMD is still not fully understood but can be attributed to multiple factors such as age, 

environment and genetics18,19,22,29. CNV is the hallmark of neovascular AMD as vascular permeability and 
5 

 



  Chapter 1: Introduction 
growth of new choroidal vessels into the underlying retina causes macular scarring25. The mutualistic 

relationship of the RPE with the choroid, although efficient for the exchange of metabolites and nutrients, can 

be severely compromised if there is dysfunction in either one or both of these tissues. As such, vascular drop 

out results in RPE dysfunction and photoreceptor degeneration due to the insufficient perfusion of the tissue30. 

This suggests that AMD is a result of dysfunction that occurs between the photoreceptors, RPE, BM and the 

choriocapillaris3,15,31-34. The disruption of the delicate balance between the retina and the choroid maintained 

by the RPE can be detrimental as the choroid is then unable to meet the metabolic demand of the retina5,27.  

1.2.1. VEGF overexpression 

In order to maintain retinal function, RPE cells must also support choroidal endothelial cells to ensure efficient 

vascular supply. This is achieved through the production of angiogenic factors such as VEGF35-37. The VEGF 

family is comprised of closely related ligands (VEGF-A, B, C, D, E) and is essential for choroidal development38,39. 

RPE cells release VEGF in a polarised fashion towards their basolateral side where it can bind vascular 

endothelial growth factor receptors (VEGFR) in the choriocapillaris37,40,41. Under normal conditions, non-

angiogenic factors such as pigment endothelium-derived factor (PEDF) are also produced by RPE cells to 

maintain homeostasis in the choroid and prevent angiogenesis of endothelial cells5,42,43. However, over time 

the high oxygen consumption of the retina coupled with continual light exposure, increases the amount of 

reactive oxygen species (ROS) in the retina13,44,45. Accumulation of ROS coupled with heat generated in the 

choroid induces stress upon the RPE14,46,47. Under such stress RPE production of VEGF is increased which 

disrupts the homeostasis and promotes the growth of new blood vessels in the choroid, ultimately leading to 

CNV26,27. VEGF-A is a critical angiogenic factor in neovascular AMD and has previously been described as 

vascular permeability factor resulting in poorly formed new blood vessels which leak proteins and other 

molecules48,49. VEGF regulates the proliferation and migration of vascular endothelial cells through activation of 

tyrosine kinase receptors and enhances vascular permeability via nitric oxide (NO) production50.  

1.2.2. Ageing BM 

Since AMD is an age-associated disorder, the ageing BM also plays a critical role in its pathogenesis. In healthy 

eyes, the BM contains anti-angiogenic factors such as angiostatin, endostatin, and thrombospondin 1 in the 

elastin layer maintaining a balance and thus preventing the growth of neovascular capillaries in the choroid43. 

Thinning of the elastin layer within the BM reduces the amount of held anti-angiogenic factors and increases 

the risk of neovascularisation by disrupting the balance between these factors and VEGF. Elastin breakdown 

products are also angiogenic, further stimulating blood vessel growth which can penetrate the thinning BM 

more easily15,32. The haemorrhaging of the newly formed blood vessels creates dense macular scars causing 

varying degrees of distortion5,51,52.  
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1.2.3. Hypoxia and inflammation  

Poorly formed CNV vessels eventually result in vascular dropout at sites of haemorrhage creating localised 

areas of ischaemia and reducing the supply of oxygen and nutrients to the RPE layer which makes the cells 

hypoxic30. The persistence of hypoxia in RPE cells has adverse effects eventually leading to cell death53. Hypoxia 

also triggers angiogenic pathways54. As such, RPE cells begin to produce hypoxia inducible factor (HIF-1) which 

is an oxygen-sensitive transcription factor that promotes the production of VEGF, further stimulating CNV55-58. 

The haemorrhage of new blood vessels in the choroid also introduces inflammatory factors to the environment 

as VEGF stimulates macrophage recruitment by chemotactic signalling59. Macrophages then stimulate RPE cell 

production of tumour necrosis factor α (TNF-α), interleukin-8 (IL-8), and further VEGF production60,61. RPE cells 

can also stimulate vascular endothelial cell migration and proliferation via α3 and α5 integrins and VEGF 

increasing the permeability of the blood vessels62. Moreover vascular endothelium and macrophages produce 

matrix metalloproteinase (MMP) which degrade the BM and allow CNV infiltration15,63. Once again the vascular 

breakdown and haemorrhage due to CNV perpetuates the hypoxic environment. The persistence of this 

hypoxic environment compromises the integrity of the RPE monolayer and destroys the barrier between the 

outer retina and the choroid. The loss of this barrier means that new ‘leaky’ blood vessels can grow in the 

subretinal space where bleed out causes the death of photoreceptors, retinal scarring and permanent vision 

loss.  

1.3. Laser induced CNV model of AMD 

Multiple in vivo animal models have been developed to study AMD pathogenesis and progression64-66 (see 

Table 1.1). Tissues from these studies can be harvested at various stages to carry out histology, 

immunochemistry or biochemical analysis to understand the disease pathology67. CNV can be induced in 

animals by a number techniques such as performing surgical manipulations, inducing injury or using transgenic 

animals68-70. CNV has been studied in a number of animal models including non-human primates, pigs, rabbits 

and rodents68,71-74. Each model has its own advantages and disadvantages ranging from cost, equipment 

requirements, animal availability, repeatability and time. Most importantly, they have advantages and 

disadvantages with respect to their relevance to the human disease condition which should be considered 

when selecting an animal model67.  

Although rodents lack a macula, the laser induced CNV model in rodents is widely considered to be the most 

accurate model that mimics the human AMD pathology67,75. It was first described in non-human primates 

before development and refinement of rodent models a decade later68,73,74,76. There are multiple variables 

which can be adjusted and optimised for individual experiments. Some of these variables include the species 

and strain of the rodent, the type of laser, the laser power and duration, as well as the equipment and 

technique used to create the injury and collect data74,77-79. While these variables can be optimized for individual 

studies, the core principle remains the same. The laser is used to damage and perforate the BM resulting in the 
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formation of a subretinal bubble. This injury is critical to initiate mechanisms which parallel neovascular AMD 

pathology such as inflammation, loss of BRB integrity and blood vessel growth eventually resulting in the 

formation of a mature CNV lesion67,77,79.  This model is a rapid and cost effective way to study neovascular AMD 

pathology. An added advantage is the ability to induce multiple lesions in the same eye in order to generate 

large data sets for statistical analysis, while keeping animal usage numbers low77. The model is reliant on 

inflammation following laser injury in order to form mature CNV lesions and is therefore an ideal model for 

investigating the therapeutic efficacy of anti-inflammatory drugs75. As a result various AMD therapeutics 

including anti-VEGF have been tested previously in models of laser induced CNV, such as the currently 

marketed formulations bevacizumab (Avastin), pegaptanib (Macugen), ranibizumab (Lucentis) and aflibercept 

(Eylea)80-84. 

AMD type Model name Species Reference 

Dry AMD Chemokine signalling Mouse 85 

Dry AMD Complement factor pathway 

(transgenic animal model) 

Mouse 86,87 

Dry AMD Light damage model Rat 88-91 

Neovascular AMD Laser induced CNV Mouse 77-79,92 

Neovascular AMD Laser induced CNV Non-human primate 73 

Neovascular AMD Laser induced CNV Rat 68,76 

Neovascular AMD Subretinal injection induced 

CNV 

Mouse 93 

Neovascular AMD Subretinal injection induced 

CNV 

Rabbit 72 

Neovascular AMD Subretinal injection induced 

CNV 

Rat 94 

Neovascular AMD Surgical rupture of Bruch’s 

membrane 

Pig 71,95 

Neovascular AMD VEGF over production 

(Transgenic animal model) 

Mouse 96 

Table 1.1. Animal models of AMD. Animal models of dry and neovascular AMD, indicating species and relevant 
references. 
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1.4. Current treatment of AMD 

1.4.1. Clinical detection methods  

Early AMD detection is vital for management, treatment and long term disease prognosis. At the early stage, an 

Amsler grid can be used to assess the patient’s vision. Affected individuals will notice distortions in the grid 

pattern reporting wavy rather than straight lines indicating deterioration of central vision28. Neovascular AMD 

can be further assessed by fluorescein angiography (FA) and optical coherence tomography (OCT)97. FA is a 

useful tool in diagnosing CNV and is used in combination with OCT to grade disease severity97. In classic CNV, 

lesions will hyperfluoresce in the early stages of the angiogram and will maintain well-demarcated borders. 

These borders will be obscured due to leakage in the later stages. CNV that cannot be well-identified by FA is 

referred to as occult98. In occult CNV, whilst borders cannot be determined, levels of hyperfluorescence can 

give indications on the type of occult CNV. OCT is a non-invasive method used to view the retina in real time 

and provides additional information about lesions as the appearance of classic and occult CNV vastly differs in 

OCT99. Classic CNV on OCT can appear as a highly reflective fibrovascular tissue with defined borders between 

RPE and BM100. Occult CNV, on the other hand, is polymorphic in nature and has an almost constant presence 

of pigment epithelial detachment and changes in the RPE band101. OCT has become a major tool in CNV 

management since the advent of anti-VEGF therapy which is currently the most popular treatment for 

neovascular AMD26. 

1.4.2. Anti-VEGF therapies 

Currently, neovascular AMD is treated with frequent intravitreal injections (into the vitreous chamber of the 

eye) of anti-VEGF agents to reduce the blood vessel growth and leak are observed during FA and OCT 

assessments. Intravitreal administration of anti-VEGF agents is an unpleasant and expensive procedure that 

requires frequent specialist visits, with the demand currently exceeding the capacity to administer them26,102. 

The major anti-VEGF drugs currently on the market are bevacizumab, pegaptanib, ranibizumab and aflibercept. 

Pegaptanib, ranibizumab and aflibercept are approved for intravitreal treatment of neovascular AMD by the US 

Food and Drug Administration (FDA) and the European Medicines Agency (EMA)97. Bevacizumab was initially 

licensed for the use in metastatic colorectal cancer, but it is used ‘off label’ in the eye in many developing 

countries due to its lower cost103. Anti-VEGF drugs inhibit the interaction of VEGF with the receptors on the 

surface of endothelial cells, therefore reducing their bioavailability and inhibiting their biological activity. 

Pegaptanib was the first approved drug for neovascular AMD104. It is a 28-nucleotide RNA aptamer (pegylated 

oligonucleotide) which binds the VEGF-165 isoform thought to be responsible for the pathology of 

neovascularisation and is administered in a 0.3 mg dose once every six weeks by intravitreal injection105,106. In 

the VEGF Inhibition Study In Ocular Neovascularization (VISION) trials pegaptanib was only shown to stabilize 

vision in 70% of AMD patients which is a similar outcome to that achieved using photodynamic therapy104,107-

109. Bevacizumab is a 149 kDa full length anti-VEGF-specific recombinant humanised murine monoclonal 
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antibody which binds to all isoforms of VEGF-A. Intravitreal administration of bevacizumab in patients with 

neovascular AMD has been shown to reduce subretinal fluid formation and improve vision in 90% of patients 

shown in MARINA and ANCHOR Phase III studies97,110-112. Ranibizumab is a 48 kDa fragment of a humanised 

murine anti-VEGF antibody active against all isomers of VEGF5. It has a 5 to 20-fold greater affinity to VEGF than 

bevacizumab and because it only consists of the antigen binding fragment (Fab) of bevacizumab, it does not 

interact with immune cell receptors113. Nevertheless, studies comparing bevacizumab and ranibizumab 

revealed similar therapeutic effects on visual acuity114. At 2 years 60% or more patients in all treatment groups 

had 20/40 vision or better which was superior to 10% untreated or 15% observed in previous therapeutic 

regimes such as photodynamic therapy115. Both drugs reduced fluid in or under the retina; however, more eyes 

achieved complete resolution with ranibizumab compared to bevacizumab, especially in patients administered 

with doses as needed114. Aflibercept, the most recently approved anti-VEGF drug, has been described as a 

soluble VEGFR decoy molecule and is therefore referred to as ‘VEGF-TRAP’116. It is a chimeric fusion protein of 

key domains from human VEGFR 1 and 2 with the constant region of human IgG achieving a higher VEGF 

binding affinity than bevacizumab and ranibizumab, while it is able to bind all isomers of VEGF-A and VEGF-

B116,117. Aflibercept showed similar safety and efficacy as ranibizumab during the first year of treatment. After 

three initial monthly injections aflibercept efficacy could be maintained with injections every two months 

compared to ongoing monthly injections with ranibizumab therapy, reducing the risk of ocular damage by the 

procedure118.  

1.4.3. Potential issues with anti-VEGF therapies 

While there have been some improvements in the treatment of neovascular AMD with anti-VEGF therapy, 

there are also some limitations. Due in part to the regulatory pathway for ocular specific treatments, the cost 

of $1800 and $2000 respectively for aflibercept and ranibizumab is much more expensive than bevacizumab 

with an average cost of $50 per treatment119. The high frequency of drug administration also puts a strain on 

the clinical load resulting in long wait times for patients as well as increased costs to the health system. Finally 

frequent injections are also associated with an increased risk of ocular damage and infection120. 

The long-term consequences of prolonged anti-VEGF therapy in neovascular AMD are poorly understood. A 

basal level of VEGF is generally required for physiological functioning of the choroid as demonstrated in soluble 

VEGF (VEGF188/188) null mice, suggesting that certain isoforms are essential for the maintenance of choroidal 

vessels35,121. The blockage of these isoforms by anti-VEGF drugs has also shown to lead to vision loss by 

disrupting physiological processes critical for retinal function122. The use of anti-VEGF drugs in cancer has 

shown some instances of vascular regression, while the use of bevacizumab has also been associated with 

several additional adverse effects including hypertension, haemorrhage, and gastrointestinal perforation123. A 

recent study describing the outcomes of bevacizumab and ranibizumab five years after the initial treatment for 

neovascular AMD revealed that 50% of eyes had a visual acuity of 20/40. This outcome was better than the 

visual acuity of 20/40 seen in only 15% of patients treated with photodynamic therapy from previous studies 
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suggesting that anti-VEGF agents are effective therapeutics for neovascular AMD. However, the study also 

revealed that vision gain over the first two years was not maintained at five years124. In 70.8% of participants 

the mean visual acuity was 11 letters worse after two years of treatment and 3 letters worse compared to 

baseline. These patients also exhibited an expansion in the total area comprising neovascularisation, scarring 

and geographic atrophy (a symptom of dry AMD) as well as persistence of subretinal fluid in OCT scans124. The 

high injection frequency also increased the risk of ocular damage such as infection, intraocular inflammation, 

retinal detachment and ocular haemorrhage120.  

Finally, while the underlying cause of neovascular AMD is CNV, the ischaemic environment is what ultimately 

leads to the loss of the RPE barrier, allowing blood vessel growth into the subretinal space. While anti-VEGF can 

reduce the growth of new blood vessels, they are unable to distinguish blood vessels required for normal 

vascular supply, thus perpetuating the hypoxic and inflammatory environment. This demonstrates the rising 

need for alternative and more efficient treatment options.  An effective treatment for AMD thus needs to be 

one that is able to specifically reduce the ischaemic insult on the choroid, repair the poorly formed blood 

vessels and maintain blood retinal barrier integrity. 

1.5. Connexins as a target for AMD therapy 

1.5.1. Connexin43 structure and function 

The gap junctional protein Connexin43 (Cx43) is the most widely studied, ubiquitous connexin isotype (proteins 

from the same gene family) and plays a key role in the maintenance of cellular homeostasis125,126. Cx43 has 

been suggested as a possible therapeutic target for ischaemia, inflammation and vascular breakdown127-129. As 

all of these pathologies exist in neovascular AMD, Cx43 could also be a relevant target for this disease. 

Connexins are a large family of transmembrane proteins with 21 isotypes characterised in mammalian 

tissues130. They are named according to their molecular weight, e.g. Cx43 is 43 kDa131. The overall structure of 

connexin proteins is similar among all isotypes. As seen in Figure 1.3, the protein structure consists of the N-

terminal tail (NT), C-terminal tail (CT), two extracellular loops (EL1 and EL2), a cytoplasmic loop (CL) (also 

known as the intracellular loop) and four transmembrane domains. These transmembrane domains are highly 

conserved between the various isotypes while the CL domain and CT are divergent and variable in length and 

sequence125,132. Connexins are responsible for the formation of gap junctions, which are communication 

channels that exist between adjacent cells126,130,131. They accumulate in large numbers to form junctional 

plaques, although plaque formation is not necessary for single channel function125. Gap junctions allow the 

passage of ions, fluids, messengers and metabolites between adjacent cell membranes128. At these junctional 

plaques, two opposing hemichannels (HC) from adjacent cells dock to each other to form a functional channel. 

HC, also known as connexons, consist of six connexin monomers oligomerised to form a single functional 

channel126,133,134. HC can be either homomeric (single connexin isotype) or heteromeric (multiple connexin 

isotypes). Homomeric HC can dock to either homomeric or heteromeric HC giving rise to a large diversity of 
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potential gap junction combinations125. Under normal physiological conditions gap junctions are usually open 

between cells while undocked HC remain primarily closed with only a small Cx43 HC open probability under 

resting conditions in order to carry out a physiological role135,136. 

 

Figure 1.3. Cx43 protein structure. Stylised image of Cx43 protein structure in the cell membrane showing, N-
terminal tail, C-terminal tail, cytoplasmic loop and extracellular loops 1 and 2. 

1.5.2. Cx43 in the eye 

In the eye, Cx43 has been found to be expressed in abundance on epithelial cells as well as in the retina and 

optic nerve, serving many functions128,137. Cx43 expression in the ciliary epithelium of the eye has been linked 

to the production of aqueous humour and the maintenance of normal intraocular pressure and nourishment of 

the postnatal lens138. The lens epithelial cells express two major connexin isotypes. Cx50 channels facilitate 

intracellular communication during the early postnatal period with Cx43 subsequently becoming the 

predominant connexin supporting intracellular communication. The peripheral and central corneal epithelium 

of rats and primates contains many connexin isotypes139,140. Analysis of normal and diseased human corneas 
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revealed the presence of eight connexin isotypes at an mRNA level including Cx43141, which is predominantly 

populated in the basal layers of the corneal epithelium and the anterior stroma142,143. The presence of Cx43 in 

these tissues has a significant role in the maintenance of corneal homeostasis144,145. At an mRNA level, RPE cells 

have shown the expression of several connexin isotypes, but only Cx43 and Cx46 are expressed at the protein 

level, with Cx43 being the predominant gap junctional protein expressed146,147. RPE cells maintain metabolic 

homeostasis of the retina through coordinated signalling between adjacent cells via gap junctions. This gap 

junctional signalling is involved in multiple physiological roles such as cell maintenance and proliferation to 

preserve the barrier integrity between the vasculature and the neuronal layers in the retina148,149. Efficient RPE 

cell turnover is essential in the maintenance of the retina and the failure of RPE cells to re-differentiate as seen 

in the case of CNV can lead to visual impairment150. The expression of Cx43 in the RPE has been shown to 

mediate apoptosis while also being essential for cellular differentiation and thus maintaining homeostasis of 

the BRB148,151. The expression of Cx43 gap junctions has been shown to protect the RPE from oxidative stress as 

well as to reduce VEGF production147,152. While injury results in the over expression of Cx43, resulting in cell 

death, the complete knockout of Cx43 in the RPE has been linked to BRB dysfunction, suggesting that a 

baseline level of Cx43 is required153. These results suggest that targeting the over expression of Cx43 in the RPE 

reduce VEGF production in AMD. However, this may be a simplistic view as there is also a need to differentiate 

between cell-to-cell communication and pathological HC activity. This will be further discussed in Section 1.5.4. 

1.5.3. Cx43 in the vasculature 

The most common connexin isotypes in the general vasculature of the body are Cx37, Cx40 and Cx43128. Blood 

vessels maintain intracellular communication by many pathways154,155. With vasodilation/vasoconstriction 

mediated through communication of neural and endothelial signals across the vessel wall via gap 

junctions156,157. Gap junction function is also affected by the presence of inflammatory cytokines such as TNF-α 

which can trigger the loss of pericytes through apoptosis leading to vascular permeability158,159. Therefore, 

direct cell-to-cell communication via gap junctions is critical for the maintenance of vascular homeostasis160. 

Pericytes and endothelial cells of retinal and choroidal blood vessels predominantly express Cx43 HC and gap 

junctions146,161. In the retina, the communication of pericytes with the endothelium is mediated via Cx43 gap 

junctions153. The retinal capillaries are wrapped tightly by the pericytes, giving them physical support as well as 

enabling communication with adjacent endothelial cells162. Astrocytes and Müller cells form the vascular 

component of the BRB162. The abundance of Cx43 at astrocytic-endothelial and astrocytic-neuronal interfaces is 

essential for maintaining tissue homeostasis as they enable the release of vasoactive factors such as NO 

through calcium wave propagation via Cx43 gap junctions or Adenosine triphosphate (ATP) release via HC163,164. 

The deletion of endothelium-specific Cx43 has been shown to cause hypotension due to an increase in the 

production of NO increasing blood vessel permeability165. The knockdown of Cx43 expression has also been 

shown to promote apoptotic pericyte death with the development of acellular capillaries resulting in increased 
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vascular permeability and retinal thickening in rat retinas166. All of these examples highlight the importance of 

Cx43 gap junctions in vascular maintenance and repair. 

1.5.4. Cx43 HC 

There have been conflicting reports about the expression of Cx43 in response to injury and its role in cell 

survival or apoptotic pathways127,167. This is largely because Cx43 can exist either in gap junctions or in 

undocked HC which have functional differences during physiology and pathology90,152,153,168-171. As previously 

mentioned, under normal physiological conditions gap junctions are open between cells while undocked HC 

remain primarily closed with only a small fraction of Cx43 HC opening under these resting conditions to carry 

out a physiological role135,136. In response to injury such as ischaemia or inflammation, HC can be stimulated to 

open in an uncontrolled manner, resulting in ATP leakage, excessive entry of ions such as calcium and sodium 

as well as cellular volume overload172-176.  

Cx43 expression has been shown to increase significantly in the first four hours following injury in rat retinal 

ischaemia reperfusion models177. In a rat light damage model, Cx43 expression was three times higher six hours 

post light damage90. The rapid raise of Cx43 levels increases the number of undocked HC in the cell membrane. 

Furthermore, the open probability of these HC is increased when in the presence of inflammatory factors such 

as TNF-α and interleukin 1 beta (IL1-β), thus releasing more ATP into the extracellular milieu. Cx43 HC opening 

has been shown to amplify retinal inflammation by mediating an ATP autocrine feedback loop in the 

inflammasome/inflammation cycle and releasing inflammatory cytokines thus contributing to inflammation 

seen in AMD61,178,179. Inflammasome activation coupled with an imbalance in homeostasis causes dysfunction 

and irreversible injury and cell death53,134,174,180,181. Endothelial cell death in the choroidal vasculature due to 

increased Cx43 expression and uncontrolled HC opening results in vascular permeability91. The subsequent 

ischaemic stress leads to hypoxia in RPE cells, which then triggers further Cx43 HC opening, causing further cell 

death and resulting in the loss of BRB integrity91,162,177. Hence Cx43 HC has been described as a ‘pathological 

pore’ and the inhibition of Cx43 HC opening during inflammatory and ischaemic injury in neovascular AMD 

could reduce cell death, vascular permeability and injury spread162,182,183. 

1.5.5. Cx43 HC inhibitors 

Connexin HC function can be reduced with a variety of pharmacological compounds such as carbenoxolone 

(CBX), lanthanum chloride (LaCl3), heptanol and lindane184-186. However, these compounds have two major 

disadvantages. They cannot distinguish between channels formed by different connexin isotypes, or gap 

junction and HC roles, while also being unable to distinguish between connexin and non-connexin channels187. 

The use of specific connexin antisense oligonucleotide therapy has shown some success in ischaemia models188. 

However, long term knockdown of Cx43 protein could affect the ability to form gap junctions required for 

physiological communication. Connexin mimetic peptides provide a way to exclusively block connexin 
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channels189,190. They are short synthetic peptides that are derived from the sequences of connexin proteins 

(Table 1.2). Thus, the channel function is inhibited when these peptides interact with the connexin proteins191.  

Peptide  Sequence Domain of origin Reference  

ACT1 RQPKIWFPNRRKPWKK-RPRPDDLEI CT 192-194 

C271-K287 CSSPTAPLSPMSPPGYK CT 195 

CT9 RPRPDDLEI CT 196 

Gap15 EIKKFKYGIEEHC CL  197 

Gap18 MGDWSALGKLLDKVQAC NT 198 

Gap19 KQIEIKKFK CL  199,200 

Gap26 VCYDKSFPISHVR EL1 201 

Gap27 SRPTEKTLFII EL2 202 

Gap35 AWGDEQSAFRCNTQQPGC EL1 198 

Gap36 KRDPCPHQVDCFLSRPTEK EL2 198 

Gap38 NMASQQNTDNLV CT 198 

JM2 rrrrrrrr-VFFKGVKDRVKGRSD CT 203 

L2 DGANVDMHLKQIEIKKFKYGIEEHGK CL  204 

P180-195 SLSAVTTCKRDPCPHQ EL2 205 

P5  ENVCYD EL1 206 

Pep-2 AYFNGCSSPTAPLSPMSP CT 207 

Peptide5 VDCLSRPTEKT EL2 179,208-210 

Table 1.2. List of known Cx43 mimetic peptides. Cx43 mimetic peptides with sequence, domain of origin and 
relevant references.  

1.5.6. Extracellular loop Cx43 mimetic peptides 

The early Cx43 mimetic peptides sequenced from the extracellular loop, Gap26 and Gap27 (Table 1.2) were 

experimentally useful in understanding gap junction and HC function201. Gap26 and Gap27 have been used in a 

range of conventional gap junction assays such as calcium wave propagation and dye transfer studies in 

coupling cells across a range of cell types201,211. In airway epithelium, Gap26 and Gap27 were able to restrict 

calcium wave propagation via gap junctions201. This effect was diminished and returned to normal when the 

peptides were removed201. This reversible function is an advantage because long term gap junction inhibition 

can be detrimental to the cell. In HeLa cells transfected to express Cx43, single cells representing HC function 

showed a more rapid blockage by Gap26 than when cells were paired representing both gap junctions and HC. 

Furthermore, the effect on paired cells was almost irreversible. This suggested that early effects of Gap26 

primarily influence HC function, while longer periods of exposure resulted in HC as well as gap junctions being 

blocked (or uncoupled)211. In cardiomyocyte ischaemia/reperfusion models, Gap26 block of Cx43 HC improved 
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cell survival post-oxygen glucose deprived injury174. However, a major limitation of Gap26 and Gap27 is that 

they are not Cx43 specific as the targeted extracellular domains are well conserved among different connexin 

isotypes190,191,212. Therefore, Gap26/27 may also inhibit Cx37 and Cx40 HC213,214. 

A similar peptide derived from the extracellular loop of Cx43, Peptide5, is shifted five amino acids upstream of 

the Gap27 sequence (Table 1.2)215. Peptide5 has shown its therapeutic potential in multiple injury models 

including spinal cord, chronic pain, brain ischaemia, central nervous system (CNS) and asphyxia189,208,216. In a 

rodent ex vivo spinal cord injury model two of 11 peptides derived from short amino acid sequences of 

extracellular loops of rat Cx43 revealed a significant reduction in the degree of spinal cord swelling. One of 

these peptides was Peptide4 which corresponded to the Gap27 sequence while the other was Peptide5 which 

proved to be more efficacious reducing swelling up to 50% in this study208. In the central nervous system, 

astrocytes are required for communication pathways across many cell types via gap junctions with Cx43 being 

the major connexin subunit217. Here Peptide5 was able to reduce glial fibrillary acidic protein (GFAP) expression 

suggesting a reduction in activated astrocyte numbers which has been shown to be involved in swelling and 

oedema after spinal cord injury. Moreover, Cx43 expression and neuronal cell loss were also reduced with 

Peptide5 treatment.  

Peptide5 has also shown to reduce tissue damage and attenuated an increase in vascular permeability 

following retinal ischaemia177. In this model, retinal ischaemia-reperfusion induced significant vascular leak, 

peaking at 4 hours and continuing for up to 24 hours. The expression of Cx43 in Müller cells, activated 

astrocytes and vascular endothelial cells was also increased in response to ischaemia-reperfusion. The study 

revealed endothelial cell death in vitro as a result of Cx43 HC opening following hypoxia177. Peptide5 was able 

to block Cx43 HC opening reducing vascular leakage and increasing retinal ganglion cell survival177. It has 

recently been suggested that Peptide5 reduces retinal inflammation by inhibiting extracellular ATP release via 

Cx43 HC, therefore inhibiting the activation of the inflammasome complex179. However, HC specific block is 

concentration dependent. In NT2/D1 (pluripotent human embryonal carcinoma cell line) cultures, Peptide5 has 

been shown to block Cx43 HC at 5 µM and 500 µM. However, when gap junction function was assessed, 500 

µM significantly reduced gap junction function while 5 µM did not, suggesting that higher concentrations of 

Peptide5 uncouple existing gap junctions similar to what has been shown with Gap26/27201,208,211. Since 

Peptide5 is an extracellularly acting peptide, there is a chance that, like with Gap26/27, channels formed by 

other connexin isotypes might be inhibited, but there has been no evidence supporting this so far. 

1.5.7. The intracellular loop Cx43 mimetic peptide Gap19 

Classically, mimetic peptides derived from the CL of Cx43 have not been effective at blocking channel function 

and have been used as control peptides in extracellular loop mimetic peptide studies214,218. Cx43L2 peptide (L2), 

for example, is a mimetic peptide which targets the intracellular domains of Cx43 (Table 1.2)204. This property 

was discovered when L2 was able to block HC function. The effect was reversed when TAT-Cx43CT peptide 
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containing the CT sequence was able to abolish (out compete) the blocking function of L2 which meant that L2 

peptide function was acting on the CT204. Peptides which target the extracellular loop of connexin proteins 

blocking HC opening in the short term but affecting normal gap junction function in the long term or at higher 

peptide concentrations can be detrimental to cell function as gap junction communication is required for 

physiological communication208,211,219. Unlike extracellularly acting peptides, L2 was able to specifically block HC 

without affecting gap junction function, therefore maintaining physiological communication (see Figure 1.4).  

 

Figure 1.4. CT-CL interactions determine HC and gap junction open and closed state. Interaction of CT-CL 
causes HC opening and gap junction closure. L2 and Gap19 intracellular loop peptides interfere with CT-CL 
interactions thus closing HC and opening gap junctions. L2 and Gap19 domain of origin is indicated by the green 
dashed circle. 

Shorter mimetic peptides have generally shown to be more efficacious with the shorter Gap19, derived from 

the longer L2 peptide, containing the most crucial motif to engage in interactions with the targets on the CT-
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tail190,200. Like L2, Gap19 is HC specific and does not inhibit the function of gap junctions as demonstrated in 

cardiac disease models199. Gap19 did not affect gap junctional communication in cardiomyocytes when 

measured with dual whole-cell voltage-clamp and dye transfer assays. However, Gap19 efficiently blocked Cx43 

HC, inhibiting ATP release, dye uptake and the potentiation of unitary HC currents in isolated cardiomyocytes 

exposed to metabolic stress199. In in vitro ischaemia/reperfusion studies, Gap19 was able to protect against 

myocardial cell swelling and cell death, while also limiting the infarct size in in vivo cardiac/reperfusion mouse 

studies199. In the brain, astrocytes represent the cellular population that expresses the highest amount of 

connexins200, and connexin-mediated channel function is essential for the dynamic and metabolic interactions 

between astrocytes and at their interfaces with neurons and the vasculature220. Gap19 was able to block HC 

opening of in vitro primary astrocyte cultures which only express Cx43 as well as in acute hippocampal slices in 

a dose dependent manner without affecting gap junction function200,221. Gap19 inhibited glutamate-triggered 

release of ATP via HC and also reduced dye uptake when HC opening was triggered by the inflammatory 

cytokines TNF-α and IL1-β, while gap junction communication was unaffected in scrape loading and dye 

transfer assays. A major advantage of Gap19 over extracellular loop mimetic peptides, is that it is Cx43 specific 

as it targets the CT which is poorly conserved among connexin isotypes125,132.  

In order for Gap19 to function it must be delivered into the cell as it inhibits the interaction of the CT with the 

CL of Cx43200. While the Gap19 sequence contains four charged lysine residues aiding permeability across the 

cell membrane, penetration can vary among cell lines or tissues requiring much higher concentrations in order 

to observe an effect200. This was seen when Gap19 concentrations required to achieve a half maximal effect 

was much higher in astrocytes when compared to rat C6 glioma cells (142 vs 47 µM)199,200. One possibility could 

be due to the stimulus used to activate HC opening in each assay; however, due to the magnitude of 

concentrations required to achieve HC block, it is more likely that the permeability of Gap19 in astrocytes was 

poor compared to C6 cells.  

1.6. Cell penetrating peptides 

Cell penetrating peptides (CPP) provide a means of transporting molecules (cargo) across the cell membrane 

with limited toxicity222. Generally, a CPP can be described as a small or short sequence peptide (no more than 

35 amino acid residues) with the ability to cross cell membranes with minimal toxicity via energy-dependent 

and/or energy-independent mechanisms222. The most important element of CPP is the ability to transport 

cargo across the cell membrane and maintain its biological activity and bioavailability223. CPP have been used 

for the delivery of various cargo molecules into the cell (Table 1.3)224-230.  
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 Cell penetrating peptide Sequence Reference 

C105Y CSIPPEVKFNKPFVYLI 231 

CPP-C PIEVCMYREP 232 

CyLoP-1 CRWRWKCCKK 233 

DPV1047 VKRGLKLRHVRPRVTRMDV 234 

GALA WEAALAEALAEALAEHLAEALAEALEALAA 235 

M918 MVTVLFRRLRIRRACGPPRVRV 236 

MAP KLALKLALKALKAALKLA 237,238 

MPG GALFLGFLGAAGSTMGAWSQPKKKRKV 228 

p28 LSTAADMQGVVTDGMASGLDKDYLKPDD 239 

Penetratin (antennapedia 

peptide) 

RQIKIWFQNRRMKWKK 224,240 

Pep-1 KETWWETWWTEWSQPKKKRKV 229 

Pep-7 SDLWEMMMVSLACQY 241 

Peptide for ocular delivery 

(POD) 

CGGG(ARKKAAKA)4 242-244 

Poly-arginine peptides R(n) 245,246 

PreS2 PLSSIFSRIGDP 247 

PTD-5 RRQRRTSKLMKR 248 

pVEC LLIIIRRRIRKQAHAHSK 226 

SAP VRLPPPVRLPPPVRLPPP 249 

SAP(E) VELPPPVELPPPVELPPP 250 

SG3 RLSGMNEVLSFRW 251 

TAT (48-60) GRKKRRQRRRPPQ 225,252 

TP10 AGYLLGKINLKALAALAKKIL 253 

Transportan GWTLNSAGYLLGKINLKALAALAKKIL 227 

VP22 NAKTRRHERRRKLAIER 254,255 

VT5 DPKGDPKGVTVTVTVTVTGKGDPKPD 256 

Xentry LCLRPVG 257-259 

YTA2 YTAIAWVKAFIRKLRK 260 

YTA4 IAWVKAFIRKLRKGPLG 260 

Table 1.3. List of known cell penetrating peptides. A table listing cell penetrating peptides, sequences and 
relevant references.  
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1.6.1. Cell penetrating peptide TAT 

The first reported use of a CPP was simultaneously demonstrated by two laboratories in 1988261,262. Cells grown 

in tissue culture were shown to take up the HIV trans-activator of transcription (TAT) protein, which could 

subsequently trans-activate the HIV-1 promoter. The trans-activation was further enhanced by chloroquine 

which aids endosomal escape and could be detected at nanomolar TAT concentrations in the presence of 

chloroquine261. Chemically synthesised 86 amino acid HIV-1 TAT protein also showed to be biologically active 

and trans-activated the chimeric HIV-LTR reporter gene when microinjected in HeLa cell nuclei or transfected 

into HeLa cell cultures. Together this demonstrated the ability of TAT to enter cultured cells and promote viral 

gene expression262.  

Early studies of L2 (from which Gap19 is derived) used TAT to observe whether the TAT-CT peptide 

(corresponding to the last 10 amino acids of the CT of Cx43) could restore HC function in high calcium while 

TAT-L2 was able to inhibit HC function204. In primary neuronal and astroglial cultures, TAT-L2 was able to block 

HC similar to Gap27. However, TAT-L2 did not disrupt gap junction function136. This HC block was also seen in 

vivo by micro-infusion of TAT-L2 into the rat basolateral amygdala which blocked astroglial Cx43 HC release of 

gliotransmitters inducing amnesia136. The addition of TAT to Gap19 vastly improved its cell penetration and 

reduced the concentrations required for Cx43 HC inhibition in C6 cells from 47 to 7 µM200. TAT has also been 

used to improve Gap19 permeability in in vivo brain models. Here, TAT-Gap19 was able to cross the BBB and 

could be detected up to 24 hours post-single intravenous injection in brain tissue slices200. 

Immunohistochemistry results revealed labelling of TAT in both GFAP positive and negative cells200. This could 

be due to the nonspecific uptake of TAT as it has been shown to enter cells via macropinocytosis, a form of 

fluid endocytosis that occurs in all cells263,264. In an ex vivo brain model, in vitro concentrations of TAT-Gap19 

were ineffective and had to be doubled in order to observe an effect265. This was likely due to the nonspecific 

TAT uptake reducing the efficacy of Gap19 in the target cells. The delivery of Gap19 to a highly multicellular 

tissue such as the retina will therefore greatly benefit from a more specific CPP in order to deliver an effective 

dose primarily to the target cells.  

1.6.2. Xentry - a unique cell penetrating peptide  

The Hepatitis B virus encodes seven proteins, one of which is the X-protein266. The X-protein is similar to TAT in 

its ability to increase viral RNA transcription. However, while TAT is cell permeable, the wild type X-protein is 

not267. It was recently discovered that the N-terminal region of the X-protein contains a cell penetrating region, 

with peptides containing residues 16-22 rapidly taken up by HepG2 cells within minutes, localising to the 

cytoplasm and the nucleus257. This seven amino acid residue peptide (LCLRPVG) was given the name Xentry 

(Table 1.3)257. The relatively small size of Xentry compared to TAT could be advantageous, as smaller carriers 

are generally able to penetrate the cell membrane more easily. Xentry has been shown to deliver a range of 

cargos such as siRNAs, antibodies and peptides inside cells in a biologically active state with no toxicity257-259. 
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Using an energy dependent endocytic process involving the heparan sulphate proteoglycan Syndecan-4 for cell 

entry257,268. 

1.6.2.1. Syndecan-4 

Syndecans are a family of transmembrane heparan sulfate proteoglycans with four syndecans having been 

identified in mammalian cells so far269. Syndecan-1 and 3 form one sub-family while Syndecan-2 and 4 form the 

other. Syndecan-4 is widely distributed and present in many different cell types where it mediates numerous 

signalling pathways under normal conditions, such as proliferation, migration and endocytosis270,271. Syndecan-

4 has multiple roles including the binding of molecules such as fibronectin, integrin and paxillin for the 

formation of focal adhesions as well as biochemical signalling by binding extracellular growth factors including 

VEGF, fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF)270,272-274. There have been 

reports of increased Syndecan-4 expression in response to injury in order to bind extracellular molecules to 

mediate tissue recovery275-277. In particular, endothelial cells have been shown to increase Syndecan-4 

expression in response to the inflammatory cytokine TNF-α produced by ischaemic cardiomyocytes suggesting 

a role in inflammation278. Cultured RPE cells have also shown increased Syndecan-4 gene expression in 

response to TNF-α279. Moreover, nucleus pulposus cell studies under hypoxic conditions have shown that 

Syndecan-4 expression is mediated by hypoxia-inducible factor 1α (HIF-1α)280. These results suggest a role for 

Syndecan-4 in hypoxia and inflammation, which are both present in AMD. Another advantage is that Syndecan-

4 is deficient in permeating peripheral blood lymphocytes and erythrocytes meaning that Xentry delivered 

cargo would not get sequestered by circulating blood cells257. These properties make Xentry an ideal candidate 

CPP for peptide delivery to the choroidal sites of haemorrhage that occur in neovascular AMD. The overall 

hypothesis is therefore that Xentry would not be lost to the circulating cells present at the site of injury and 

would be more readily taken up by the cells most affected by hypoxia and inflammation due to the targeting of 

upregulated Syndecan-4. Overall, this could make peptide delivery efficient and has the potential to reduce the 

amount of peptide administered in order to achieve efficacy while reducing potential off-target effects.      

1.7. Thesis objectives 

Neovascular AMD is a chronic retinal disease in which hypoxia and inflammation in the choroid result in 

unregulated growth of choroidal blood vessels by a process called CNV. Eventually, the chronic condition 

results in breakdown of the BRB as the cells in the RPE layer perish, therefore permitting the growth of blood 

vessels into the retina where vascular permeability and haemorrhage cause vision loss due to loss of the 

photoreceptors. Uncontrolled Cx43 HC opening during injury has been shown to cause cell death and vascular 

permeability due to ionic and osmotic imbalances, ATP signalling and inflammasome activation177,179,209. 

Blocking uncontrolled Cx43 HC opening with Cx43 mimetic peptides has shown to reduce cell death and 

vascular permeability in response to injury in ocular, cardiac and central nervous system (CNS) injury 

models88,199,216. However, normal gap junction communication following injury is required to repair the 

vasculature and the retinal tissues. Gap19 is a Cx43 mimetic peptide derived from the CL of Cx43 and interferes 
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with CL-CT interactions of Cx43199. As such, it blocks Cx43 HC opening but does not affect gap junction function 

as has been noted with most extracellularly acting mimetic peptides199,200. The poor cell permeability of native 

Gap19 has previously been improved with the addition of the CPP TAT. While, this has led to improved uptake 

and function in in vitro models, results in ex vivo and in vivo models have been variable and have in some cases 

resulted in toxicity due to off target effects206,265. This is potentially due to the non-specificity of the TAT 

peptide facilitating uptake into multiple cell types and by multiple uptake mechanisms, therefore reducing the 

therapeutic cargo concentration at the actual site of injury. Xentry is a CPP which binds to cell surface 

expressed Syndecan-4 in order to gain entry into cells via endocytic pathways only257. Syndecan-4, which is 

expressed in retinal cells, has been shown to be increasingly expressed in the presence of inflammatory and 

hypoxic stimuli such as TNFα and HIF-1α, improving the opportunity of cell specific targeting278-280. Xentry has 

an additional advantage for systemic administration as circulating erythrocytes and non-adherent monocytes 

do not express Syndecan-4, thus Xentry is not sequestered by the circulation. Therefore, the overall hypothesis 

of this thesis is that the fusion peptide Xentry-Gap19 (XG19), which combines the CPP Xentry with the specific 

Cx43 HC blocker Gap19, is delivered specifically to injured cells in neovascular AMD to restore vascular 

normality and repair the BRB without affecting healthy cells. 

The overall aim of this thesis is therefore to evaluate the fusion peptide XG19 as a novel Cx43-specifc HC 

blocker for the treatment of neovascular AMD. The specific objectives of the study include:  

1. Observation of XG19 uptake into normal and injured cells  

2. Investigation of XG19 function as a Cx43 HC blocker post cellular uptake  

3. Evaluation of the therapeutic efficacy of XG19 in a CNV mouse model 

4. Identification of XG19 uptake targets in human disease 

The findings of this study will identify the therapeutic potential of XG19 in neovascular AMD. Success in this 

study could lead to the development of a novel therapeutic that could also be used in the treatment of other 

vascular inflammatory and hypoxic conditions beyond the eye such as heart attack, stroke and cancer.         
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2.1. Materials 

2.1.1. Media, peptides, solutions and kits 

The various chemicals, salts, solutions, kits and media used in these studies are listed in Table 2.1. 

Material Catalogue number Supplier 

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) 

M6494 Thermo Fisher Scientific 

4′,6-diamidino-2-phenylindole (DAPI) D9542 Sigma-Aldrich 

Absolute ethanol  E7023-500ML Sigma-Aldrich 

Acetone 100034Q VWR  

AK-Fluor® (fluorescein injection, USP) 17478-253-10 Akorn 

Antibiotic-Antimycotic 15240062 Thermo Fisher Scientific 

Atipamezole (Antisedan) NA Pfizer 

ATPlite Luminescence Assay System 6016943 PerkinElmer 

Bovine serum albumin (BSA) ABFF-100G MP Biomedicals New Zealand  

Calcium chloride (CaCl2) 22317.297 VWR 

Carbenoxolone (CBX) C4790 Sigma-Aldrich 

CitifluorTM AF1 17970-25 Electron Microscopy Science 

Dexamethasone, Neomycin and 

Polymyxin B antibiotic solution 

(Maxitrol™) 

NA Alcon 

Disodium phosphate (Na2HPO4) 04270 Riedel-de Haën 

Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12  

(DMEM/F12, GlutaMAXTM) 

10565-018 Thermo Fisher Scientific 

Endothelial Basal Medium (EBMTM ) CC-3121 Lonza 

Endothelial BulletKitTM including basal 

medium and supplements (EGMTM-2) 

CC-3162 Lonza 

Endothelial SingleQuotsTM  Kit (EGMTM) CC-4133 Lonza 
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Ethidium homodimer-1 (EthD-1) E1169 Thermo Fisher Scientific 

Ethylene glycol-bis (β-aminoethyl ether)-

N,N,N',N'-tetraacetic acid (EGTA) 

E4378 Sigma-Aldrich 

Foetal bovine serum (FBS) 26010074 Thermo Fisher Scientific 

Formaldehyde F8775-500ML Sigma-Aldrich 

Glucose GL0127 Scharlau 

Hydrochloric acid (HCl) 101256J VWR 

Interleukin 1 beta (Il-1β) 200-01B PeproTech 

Isopropanol  34863-1L Sigma-Aldrich 

Ketamine NA Parnell Laboratories 

Lanthanum chloride (LaCl3 )  211605-100G Sigma-Aldrich 

Lucifer Yellow CH, Lithium Salt L453 Thermo Fisher Scientific 

Magnesium chloride (MgCl2 )   191396 Scientific Supplies 

Magnesium sulphate (MgSO4) MA0085 Scharlau 

Medetomidine (Domitor) NA Novartis Animal Health 

Minims® Tropicamide 1% w/v (dilating 

eye drops) 

P9UKIE03 76970 Bausch & Lomb 

Monopotassium phosphate (KH2PO4) 04234 Riedel-de Haën 

N-methyl-d-glucamine (NMDG) M2004-100G Sigma-Aldrich  

Paraformaldehyde (8%) 157-8 Electron Microscopy Science 

Phosphate buffered saline (PBS) E404 VWR  

Poly Gel (Lubricating eye gel)  NA Alcon 

Potassium chloride (KCl) P3911 Sigma-Aldrich 

Potassium gluconate (K-gluconate) G4500-1KG Sigma-Aldrich 

Saline  NA InterPharma 

Sodium bicarbonate (NaHCO3) S5761 Sigma-Aldrich 
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Sodium chloride (NaCl) 102414J VWR 

Sodium citrate S-4641 Sigma-Aldrich 

Sodium gluconate (Na-gluconate) G9005-1KG Sigma-Aldrich 

Sucrose S0389 Sigma-Aldrich 

Tissue Tek optimal cutting temperature 

compound 

IAQ18 Sakura 

Trypan Blue 34078 4K VWR 

TrypLE™ Express Enzyme (1X), no phenol 

red 

12604013 Thermo Fisher Scientific 

Tumour necrosis factor α (TNFα)  300-01A PeproTech 

Tween20  P9416 Sigma-Aldrich 

Xylene XI00552500 Scharlau 

Table 2.1. List of materials. Materials, catalogue numbers and suppliers used in the study. 

2.1.1.1 Peptides 

All peptides listed in Table 2.2, were resuspended in PBS to produce a 1 mM stock solution. Peptide solutions 

were aliquoted and stored at -80 °C until used. 

Peptides Sequence Supplier 
Fluorescein isothiocyanate 
(FITC)-Gap19 

FITC-KQIEIKKFK ChinaPeptide Co. Ltd 

FITC-TAT-Gap19 FITC-YGRKKRRQRRR-KQIEIKKFK ChinaPeptide Co. Ltd 
FITC-Xentry-Gap19 FITC-lclrpvGGKQIEIKKFK ChinaPeptide Co. Ltd 
Gap19 KQIEIKKFK ChinaPeptide Co. Ltd 
Peptide5 VDCFLSRPTEKT Auspep 
TAT-Gap19 YGRKKRRQRRRKQIEIKKFK ChinaPeptide Co. Ltd 
Xentry-Gap19  lclrpvGGKQIEIKKFK ChinaPeptide Co. Ltd 
Table 2.2. List of Cx43 mimetic peptides used in this study. Peptides, sequences and suppliers used in this 
study.  

2.1.1.2 ARPE-19 cell culture medium 

ARPE-19 cell culture medium was prepared for the growth and maintenance of ARPE-19 cells. The cell culture 

medium was constituted by combination of DMEM/F-12, GlutaMAXTM medium, 10% heat inactivated FBS, and 

1% Antibiotic-Antimycotic.  
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2.1.1.3 Primary human retinal microvascular endothelial cell (hRMEC) culture medium 

hRMEC culture medium was prepared for the growth and maintenance of hRMEC. The cell culture medium was 

constituted by combination of EGM-2TM BulletKitTM medium containing endothelial basal medium (EBM-2 and 

EGM-2 SingleQuotsTM (excluding VEGF)), 10% heat inactivated FBS and 1% Antibiotic-Antimycotic.  

2.1.1.4 Hanks buffered salt solution (high calcium solution) 

Hanks buffered salt solution was used as the high calcium solution to stimulate HC closure. The solution 

contained 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 5.6 mM glucose, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 

mM MgSO4 and 4.2 mM NaHCO3 in 100 ml of ultrapure water. The solution was sterilised through a 0.22 µm 

filter and stored at room temperature. 

2.1.1.5 Low calcium solution 

A low calcium solution was prepared to stimulate HC opening. The solution contained 0.137 M NaCl, 5.4 mM 

KCl, 0.25 mM Na2HPO4, 5.6 mM glucose, 0.44 mM KH2PO4, 1.0 mM MgSO4, 4.2 mM NaHCO3 and 5 mM EGTA in 

100 ml of ultrapure water. The solution was sterilised through a 0.22 µm filter and stored at room 

temperature. 

2.1.1.6 Hypoxic, acidic, ion-shifted Ringer (HAIR) solution 

HAIR solution was used to stimulate hypoxic conditions209,281. The solution contained 38 mM NaCl, 13 mM 

NaHCO3, 3 mM Na-gluconate, 65 mM K-gluconate, 38 mM NMDG, 1 mM NaH2PO4 and 1.5 mM MgCl2 in 100 ml 

of ultrapure water. The solution was adjusted to pH 6.6 with 1 mM HCl and sterilised through a 0.22 µm filter 

and stored at -20 °C. On the day of experimentation, the solution was bubbled in 95% N2, 5% CO2 gas (20 l/min) 

for 5 min, adjusted to pH 6.6 using 1 M HCl and filter sterilized before use. 

2.1.1.7 Hyperglycaemia and inflammation (HI) solution 

HI solution was prepared to stimulate inflammatory injury in the presence of high glucose179,282. Glucose was 

added to DMEM/F12, GlutaMAXTM to achieve a final concentration of 32.5 mM. The inflammatory cytokines, 

TNFα and Il-1β, were added to achieve a final concentration of 10 ng/ml each. Antibiotic-Antimycotic was 

added to the solution to achieve a 1% concentration. The solution was freshly prepared before application to 

cells.  

2.1.2. Cell lines 

2.1.2.1. ARPE-19 

ARPE-19 cells, an immortalized human retinal pigment epithelium cell line, were purchased from American 

Type Culture Collection (ATCC) and were maintained in T75 flasks in ARPE-19 cell culture medium at 37 °C with 

5% CO2. Cells were grown to 70-80% confluence and maintained at less than 30 passages. 
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2.1.2.2. hRMEC 

hRMEC were obtained from Neuromics and maintained in T75 flasks in hRMEC culture medium at 37 °C with 

5% CO2. Cells were grown to 70-80% confluence and maintained at less than 30 passages. 

2.2. Methods 

2.2.1. Cell seeding  

ARPE-19 or hRMEC were harvested with TrypLE™, centrifuged at 1500 rpm for 7 min, resuspended in ARPE-19 

cell or hRMEC culture medium, respectively, and counted using Trypan Blue and the Neubauer 

haemocytometer. Cells were plated into appropriate culture dishes for the experiment (8-well chamber slides, 

6-, 12-, 24- or 96-well plates) at a seeding density of 2 × 105 cells/ml in ARPE-19 or hRMEC culture medium and 

incubated over two nights at 37 °C with 5% CO2 before conducting assays. 

2.2.2. Image acquisition and analysis 

Visualisation of cells and tissues was carried out using an Olympus BX-10 confocal microscope with a FV-1000 

laser scanning confocal system. Images were acquired using Olympus FV-10 software and area measurements 

were performed using ImageJ software.  

2.2.3. Statistical analysis 

All statistical analysis was carried out using GraphPad Prism 7 software. The statistical test used in individual 

studies and the statistical significance (ns=not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) are 

stated in the relevant figure captions in the ‘Results and discussion’ section. 

2.2.4. Investigating peptide uptake under normal and injury conditions 

2.2.4.1. Application of peptides for cellular uptake 

Cells were seeded into 8-well chamber slides as described in section 2.2.1. Peptides were dissolved in ARPE-19 

or hRMEC culture medium and applied to ARPE-19 or hRMEC at the concentrations stated in Table 2.3 for 1 h 

at 37 °C with 5% CO2.  For cell uptake under injury conditions, peptides were mixed in ARPE-19 cell culture 

medium or injury solution (HAIR or HI solution) at the concentrations stated in Table 2.3 for 1 h at 37 °C with 

5% CO2. In both normal and injury uptake assays, solutions or media were removed, cells were washed in PBS 

and fixed in 4% formaldehyde in PBS. Cells were probed with primary and secondary antibodies (dilution, 

catalogue number and supplier in Table 2.6) as indicated in Table 2.3 and nuclei were counterstained with DAPI 

(diluted 1:1000 in 1% BSA/PBS). Coverslips were mounted in anti-fade medium (CitifluorTM AF1) and cells were 

visualised by confocal microscopy.  
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Normal conditions 

Figures Cell lines Peptides Concentrations 
(µM) 

Primary 
antibodies 

Secondary 
antibodies 

Figure 

3.1 

hRMEC FITC-XG19  
FITC-Gap19 

10, 20, 50, 100  - - 

Figure 
3.2 

ARPE-19 FITC-XG19  
FITC-Gap19 

10, 20, 50, 100  - - 

Figure 
3.3 

ARPE-19 and 
hRMEC 

FITC-XG19  50  Anti-Syndecan-4  
Anti-Cx43 

Anti-goat 488 
Anti-rabbit 488  

Figure 
3.4 

ARPE-19  FITC-XG19 
FITC-TAT-Gap19 
FITC-Gap19 

10, 20, 50, 100 - - 

Figure 
3.5 

ARPE-19 FITC-XG19, FITC-
TAT-Gap19  

50 - - 

Injury conditions 
Figure Injury solution Peptides Concentrations 

(µM) 
Primary 
antibodies 

Secondary 
antibodies 

Figure 
3.16 

HAIR FITC-XG19 
FITC-Gap19 

0, 5, 100  - - 

Figure 
3.18 

HI FITC-XG19 
FITC-Gap19 

0, 5, 100  - - 

Table 2.3. Peptide uptake studies under normal and injury conditions. Cell lines, peptides, concentrations, 
antibodies and injury solutions used in cell uptake studies under normal and injury conditions. Figure number 
corresponds to the figure in the ‘Results and discussion’ section.  

2.2.4.2. Cell viability assay post cell uptake 

ARPE-19 cells were seeded into 96-well plates as described in section 2.2.1. XG19 was mixed with ARPE-19 cell 

culture medium and applied to ARPE-19 cells at 5, 10 and 20 µM concentrations respectively for either 1 or 24 

h at 37 °C with 5% CO2. After the incubation period, solutions in each well were removed and replaced with 0.5 

mg/ml of MTT in PBS and incubated for 4 h at 37 °C with 5% CO2. The MTT/PBS solution was then removed and 

replaced with HCl-isopropanol solution (0.04 M) to dissolve the formed formazan. The intensity of the purple 

colour was quantified by measuring the absorbance at 570 nm with correction of interference at 650 nm 

(BioTek Synergy HT). Each group was tested in triplicate (three wells of a 96-well plate) on two separate 

occasions. 

2.2.5. Functional assessments under non-injury conditions 

2.2.5.1. Optimisation of EthD-1 uptake in low calcium solution  

ARPE-19 cells were seeded into 8-well chamber slides as described in section 2.2.1. high or low calcium 

solutions containing 2 µM EthD-1 were applied to cells and uptake was measured at  5, 10, 15, 20, 30, 40, 50 

and 60 min. Solutions were removed, cells were washed in PBS, fixed in 4% formaldehyde in PBS and nuclei 

were counterstained with DAPI. Coverslips were mounted in anti-fade medium (CitifluorTM AF1) and cells were 

visualised by confocal microscopy. 
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2.2.5.2. Inhibition of EthD-1 uptake in low calcium solution  

ARPE-19 cells were seeded into 8-well chamber slides as described in section 2.2.1. XG19 (5 µM), FITC-XG19 (5 

µM), LaCl3 (100 µM), Peptide5 (100 µM) or CBX (100 µM) were applied to the cells in ARPE-19 cell culture 

medium and incubated for 1 h at 37 °C with 5% CO2. High or low calcium solution containing 2 µM EthD-1 was 

applied to cells for 40 min. Solutions were removed, cells were washed in PBS, fixed in 4% formaldehyde in PBS 

and nuclei were counterstained with DAPI. Coverslips were mounted in anti-fade medium (CitifluorTM AF1) and 

cells were visualised by confocal microscopy. 

2.2.5.3. Optimisation of the ATP release assay in low calcium solution 

ARPE-19 cells were seeded into 12-well plates as described in section 2.2.1. Cells were then exposed to either 

high or low calcium solution for 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 or 60 min at 37 °C with 5% CO2.  Solutions 

were removed, transferred into a black 96-well plate and ATP measurements were performed as per the 

instructions of the ATPlite kit using a Victor X Light luminescence plate reader (Perkin Elmer 2030).   

2.2.5.4. Inhibition of ATP release in low calcium solution 

ARPE-19 cells were seeded into 12-well plates as described in section 2.2.1. XG19, CBX or Peptide5 were mixed 

with ARPE-19 cell culture medium and applied to ARPE-19 cells at the concentrations and incubation times 

indicated in Table 2.4 at 37 °C with 5% CO2. The medium was removed and low calcium solution was applied to 

the cells for 35 min at 37 °C with 5% CO2. Solutions were removed, transferred into a black 96-well plate and 

ATP measurements were performed as per the instructions of the ATPlite kit using a Victor X Light 

luminescence plate.   

Figure  Peptides and chemicals Concentration (µM) Incubation time (h) 
Figure 3.11 XG19, CBX 0, 5, 100  1  

Figure 3.12 XG19 0, 5, 10, 20  1, 24  
Figure 3.13 XG19 and Peptide5 0, 5, 20  0  
Table 2.4. ATP release assays under non-injury conditions. Peptides, chemicals, concentrations and incubation 
times used for ATP assays. Figure number corresponds to the figure in the ‘Results and discussion’ section. 

2.2.5.5. Dye scrape-load gap junction assay  
ARPE-19 cells were seeded into 8-well chamber slides as described in section 2.2.1. XG19 and CBX were mixed 

with ARPE-19 cell culture medium and applied to ARPE-19 cells at 5 and 100 µM for 1 h at 37 °C with 5% CO2. 

Solutions were removed and cells were exposed to 0.1% Lucifer Yellow in high calcium solution (LY) for 15 min 

at room temperature after a horizontal scrape was created in the cell monolayer using a pipette tip. The LY 

solution was removed, cells were washed in PBS, fixed in 4% formaldehyde in PBS and nuclei were 

counterstained with DAPI. Coverslips were mounted in anti-fade medium (CitifluorTM AF1) and cells were 

visualised by confocal microscopy. 
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2.2.6. Functional assessments under injury conditions 

2.2.6.1. Inhibition of ATP release under injury conditions 

ARPE-19 cells were seeded into 12-well plates as described in section 2.2.1. To compare ATP release between 

injury solutions, cells were exposed to either HI solution for 24 h, HAIR solution for 1 h or low calcium solution 

for 35 min at 37 °C with 5% CO2. To observe inhibition of ATP release, XG19 or Peptide5 were mixed with the 

injury solutions and applied to ARPE-19 cells at the concentrations and incubation times indicated in Table 2.5 

at 37 °C with 5% CO2. Solutions were removed, transferred into a black 96-well plate and ATP measurements 

were performed as per the instructions of the ATPlite kit using a Victor X Light luminescence plate reader.   

Figure Injury solution Peptides Concentrations (µM) Injury incubation 
time (h) 

Figure 3.20 HAIR XG19 0, 5, 10, 20  1  

Figure 3.22 HI XG19 and 
Peptide5 

0, 5, 20  24  

Table 2.5. ATP release assays under injury conditions. Peptides, concentrations and incubation times used for 
ATP assays. Figure number corresponds to the figure in the ‘Results and discussion’ section. 

2.2.6.2. Cell viability assay under injury conditions  

ARPE-19 cells were seeded into 96-well plates as described in section 2.2.1. ARPE-19 cells were exposed to 

ARPE-19 cell culture medium or HAIR solution for 1 h. XG19 was mixed in HAIR solution and applied to HAIR 

treated ARPE-19 cells at 5 or 20 µM or left untreated for 1 h at 37 °C with 5% CO2. After the incubation period, 

solutions in each well were removed and replaced with 0.5 mg/ml of MTT in PBS for 4 h at 37 °C with 5% CO2. 

The MTT/PBS solution was then removed and replaced with HCl-isopropanol solution (0.04 M) to dissolve the 

formed formazan. The intensity of the purple colour was quantified by measuring the absorbance at 570 nm 

with correction of interference at 650 nm (BioTek Synergy HT). Each group was tested in triplicate
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2.2.7. Mouse model of laser induced choroidal neovascularisation  

2.2.7.1. General procedure 

Female C57BL/6 mice were acquired from the Vernon Jansen Unit (VJU), University of Auckland, and were 6 

weeks of age on day 0 of experimentation. All animals were housed in the VJU for the duration of the study and 

had access to food and water ad libitum. All animal procedures were approved by the University of Auckland 

Animal Ethics Committee (AEC1787) and were in accordance with The Association for Research in Vision and 

Ophthalmology (ARVO) ‘Statement for the Use of Animals in Ophthalmic and Visual Research guidelines’283. 

Mice were weighed before anaesthesia via intraperitoneal injection of a ketamine (50 mg/kg)/ domitor (0.5 

mg/kg) mixture and placed onto the mouse stage for laser induction and ocular assessments (fundus imaging, 

fundus fluorescein angiography (FFA) and optical coherence tomography (OCT)) using the Micron IV system 

(Phoenix Research Labs). The mouse stage was heated to 35 °C to maintain the mouse body temperature and 

prevent cataract formation. Pupils were dilated with 1% tropicamide to increase the visualisation of the retina. 

A lubricating eye gel (Poly Gel) was applied to each eye to act as a coupling medium between the Micron IV 

eyepiece and the ocular surface. After completion of laser induction and ocular assessments, the lubricating 

eye gel was washed off with saline and an antibiotic solution (Maxitrol) was applied onto both eyes to prevent 

any infection. Mice were then woken with an intraperitoneal injection of Atipamezole (5 mg/kg) and placed on 

a 35 °C warming pad to recover. On day 8, all animals were culled by CO2 asphyxiation and cervical dislocation. 

Eyes were enucleated, washed in PBS and fixed in 4% paraformaldehyde in PBS for 1 h. Eyes were then placed 

in 30% sucrose in PBS at 4 °C overnight before being prepared for immunohistochemistry as described in 

section 2.2.8. 

2.2.7.2. Laser induction  

The mouse retina was viewed using the bright field live fundus image with the optic disc centralised77. The laser 

aiming beam was visualised on the fundus image before creating four sequential laser burns at equal distance 

(approximately two disc diameters) from the optic disc using a green argon laser pulse of 532 nm (Meridian 

Merilas 532α), a fixed diameter of 50 µm, a duration of 70 ms and 240 mW of power77. Major blood vessels 

were avoided when creating laser burns. Fundus images were taken immediately after laser induction for up to 

5 min to identify subretinal bubble formation and lesion growth as shown in Figure 2.1 to confirm Bruch’s 

membrane (BM) rupture. Lesions from which laser injury did not produce subretinal bubble formation and 

therefore no BM rupture were excluded from the analysis.  
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Figure 2.1. Subretinal bubble and lesion growth following laser induction. Subretinal bubble formation (a) 
resulted in lesion growth (b-d) which was indicative of successful BM rupture. Unsuccessful BM rupture did not 
result in subretinal bubble formation (e) and the lesion size remained relatively unchanged over 5 min (f-h). 

2.2.7.3. Fundus imaging and lesion cross-sectional area measurements 

The optic disc was centralised and bright field fundus images were captured on day 0, 1 and 7 as shown in 

Figure 2.2. ImageJ software was used to draw around lesions to measure the cross-sectional area in pixel units.  

 

Figure 2.2. Fundus images before and after laser induction. Fundus images of the mouse retina with no laser 
damage (a) the location of the optic disc is indicated by the dotted yellow circle. Fundus images of lesions were 
captured immediately after induction on day 0 (b), 1 (c) and 7 (d).  

2.2.7.4. OCT and CNV volume measurements 

The bright field live fundus image was used to orientate the OCT reference arm and acquire OCT scans using 

the Micron OCT software. As shown in Figure 2.3, several OCT scans were taken over each lesion from superior 

to inferior in order to identify the centre of each lesion. As shown in Figure 2.4, the OCT images were 

qualitatively assessed by observing classic signs of CNV such as BM rupture (hypo-reflective region in the RPE-

choroid complex) on day 0, butterfly-like lesions on day 1 and thickening of the RPE-choroid complex on day 7 

indicative of mature CNV lesion formation. 
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Figure 2.3. OCT scans of mature CNV lesions. Horizontal OCT scans of the lesions were captured from superior 
(a) to inferior (e) to observe the whole lesion and determine the location of the lesion centre (c). The reference 
arm (green line) seen in the fundus image (f-j) indicated where the OCT scans were acquired. The red outline 
indicates the OCT scan and fundus image of the lesion centre.  

 

Figure 2.4. Qualitative assessment of OCT scans. OCT scans were acquired on days 0, 1 and 7 to identify classic 
signs of lesion development. On day 0, successful laser damage resulted in BM rupture (yellow dotted line) as 
indicated by a clear hypo-reflective area in the hyper-reflective RPE-choroid complex (a). On day 1, successful 
BM rupture resulted in the formation of a ‘butterfly-like’ lesion (yellow dotted line) (b). Successful BM rupture 
resulted in the formation of a mature CNV lesion (yellow dotted line) on day 7, shown by the thickened 
RPE/choroid complex and fibrovascular scar formation (c). Insufficient laser damage did not result in BM 
rupture on day 0 (d). In the absence of BM rupture, only debris were seen as hyper-reflective areas in the 
retina above the RPE-choroid complex on day 1 (e). In the absence of BM rupture, the accumulation of debris 
and disruption of the retinal layers resulted in the formation of a ‘hat-like’ shape on the RPE-choroid complex 
on day 7 due to retinal scaring and inflammation but no choroidal neovascularisation (f). 
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Ellipsoid volume measurements (Figure 2.5) of CNV lesions on day 7 were acquired using ImageJ software using 

the methods described previously78. Using the formula 𝑉𝑉 = 4
3
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 where V is the volume (µm3) of the lesion, 

ImageJ was used to measure the lesion length (2a), height (2b) and width (2c) in pixels which were converted 

into µm using the scale bars on the OCT scans. The length and width is normally determined by taking vertical 

and horizontal scans78. Since only horizontal scans were acquired, it was assumed that the lesion width was 

equal to length and therefore 2a=2c.  

 

 

Figure 2.5. Quantitative assessment of mature CNV lesions from OCT scans. Volume measurements were 
performed using OCT scans of CNV lesions from day 7. Using ImageJ, the height (2b) length (2a) and width (2c) 
was measured. Lesion width was assumed to be equal to lesion length and therefore 2a=2c. Using the scale 
bars of the OCT scan (bottom right), the pixel images were converted into µm and values were then applied to 

the formula, 𝑽𝑽 = 𝟒𝟒
𝟑𝟑
𝝅𝝅𝝅𝝅𝝅𝝅𝝅𝝅 to determine the ellipsoid volume (V) in µm3.    
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2.2.7.5. FFA assessment 

FFA was carried out on days 0, 1 and 7 to observe dye leak from the lesions. The Micron IV exciter and filter 

channels were changed to observe fluorescein dye leak (Figure 2.6). Mice were given an intraperitoneal 

injection of fluorescein (5 μg/g of body weight) immediately before visualising dye leak as described 

previously77. Images were acquired for up to 15 min. 

 

Figure 2.6. FFA images of mouse retinas with and without laser damage. FFA performed on a mouse eye with 
no laser damage showed green fluorescein dye contained within blood vessels (a). FFA performed on a mouse 
eye with laser damage showed green fluorescein dye contained within blood vessels and lesion areas (b).   

2.2.7.6. Therapeutic efficacy of XG19 

Fifteen female C57BL/6 mice were maintained in groups of five over three weeks as described in section 

2.2.7.1. Mice were anaesthetized, laser induction was carried out and fundus images were acquired as 

described above (sections 2.2.7.2 and 2.2.7.3 respectively). Immediately following laser induction in both eyes, 

mice received an intraperitoneal injection of saline alone or XG19 in saline at 25 µM (3.92 mg/kg; low dose) or 

250 µM (39.15 mg/kg; high dose) of circulating blood volume, estimated to be 8% of their body weight based 

on previous literature284,285. Fundus and OCT images were acquired on days 0, 1 and 7 as described above 

(sections 2.2.7.3 and 2.2.7.4 respectively) and lesion area and volume were determined on fundus and OCT 

images using ImageJ software. On day 8, animals were culled by CO2 asphyxiation and cervical dislocation. Eyes 

were enucleated, washed in PBS and fixed in 4% paraformaldehyde in PBS for 1 h. Eyes were then placed in 

30% sucrose in PBS at 4°C overnight before being prepared for immunohistochemistry as described in section 

2.2.8. 
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2.2.8. Tissue immunohistochemistry 

Tissues were mounted in optimal cutting temperature compound and frozen at -20 °C in a cryostat for 30 min 

and stored at -80 °C until sectioned. Frozen tissue blocks were cut into 12 µm sections using a cryostat at -20 °C 

and stored at -20 °C until required. Tissue sections were dried at room temperature for 20 min and fixed in a 

mixture of 25% absolute ethanol and 75% acetone for 10 min at room temperature in a fume hood. Sections 

were dried at room temperature for another 10 min before blocking in 1% BSA/PBS for 1 h at room 

temperature. The blocking solution was tapped off and sections were incubated with the primary antibody 

(Syndecan-4, Cx43 or GFAP-Cy3) (Table 2.6) in 1% BSA/PBS overnight at room temperature in a humid box. 

Primary antibodies were washed off using 0.05% Tween20/PBS and tissues were covered in solutions 

containing secondary antibodies (anti-goat 488 or anti-rabbit 488) (Table 2.6) and DAPI (1:1000) diluted in 1% 

BSA/PBS for 2 h at room temperature in a humid box. Sections were washed three times in 0.05% 

Tween20/PBS and coverslips were mounted with anti-fade medium (CitifluorTM AF1). Tissues were viewed by 

confocal microscopy and images were acquired and analysed as mentioned in section 2.2.2.     

Primary/Secondary Antibody Dilution Catalogue number Supplier 

Primary Anti-Cx43 raised in 

rabbit 

1:2000 C6219 Sigma-Aldrich 

Primary Anti-GFAP-Cy3 raised in 

mouse 

1:1000 C9205 Sigma-Aldrich 

Primary Anti-Syndecan-4 raised 

in goat 

1:5 RDSAF2918 R&D systems 

Secondary Anti-goat 488 raised in 

Donkey 

1:100 ab150133 Abcam 

Secondary Anti-rabbit 488 raised 

in goat 

1:500 A11034 Thermo Fisher 

Scientific 

Table 2.6. List of antibodies used in this study. A list of primary and secondary antibodies used in the study 
accompanied by dilutions, catalogue numbers and supplier. 

2.2.9. Human donor ocular tissue 

Fresh human donor eyes were collected and provided by the New Zealand National Eye Bank in the 

Department of Ophthalmology at the University of Auckland, New Zealand, with approval from the Northern B 

Health and Disability Ethics Committee (NTX/06/19/CPD). Retinal tissue from donors with diagnosed DR and 

normal controls were dissected (from macular and paramacular regions) using a biopsy punch, while retinal 

tissues from donors with diagnosed AMD were dissected using surgical forceps and scissors to isolate the 

macular region. Tissues were mounted in optimal cutting temperature compound and immunohistochemistry 

was performed as stated in section 2.2.8. 
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2.2.10. Human tumour xenograft tissue 

Frozen tissues (mounted in optimal cutting temperature compound) of SKOV3 (ovarian carcinoma) and A431 

(epidermoid carcinoma) hypoxic tumour xenografts grown in the subcutaneous flank of NIH-III 

immunocompromised mice were kindly provided by Dr. Shevan Silva, Dr. Maria Abbattista and Associate 

Professor Adam Patterson from the Auckland Cancer Society Research Centre at the University of Auckland, 

New Zealand. Tissue immunohistochemistry was performed as stated in section 2.2.8. 

2.2.11. Mouse brain and human glioma tissue 

Paraffin embedded tissue sections of VmDK mouse brain with implanted human SMA560 glioma tumour grown 

over 14 days were kindly provided by Professor Colin Green from the Department of Ophthalmology at the 

University of Auckland, New Zealand. Sections were deparaffinised by washing in xylene twice for 3 min, 

washing in xylene 1:1 with absolute 100% ethanol for 3 min, in 100% absolute ethanol twice for 3 min, in 95% 

absolute ethanol for 3 min, in 70% absolute ethanol for 3 min, 50% absolute ethanol for 3 min before 

rehydrating tissues by rinsing under cold running water. Antigens were retrieved by applying sodium citrate 

buffer (10 mM sodium citrate, 0.05% Tween20, pH 6.0) for 1 h in a pressure cooker. Tissue sections were then 

blocked in 1% BSA/PBS for 1 h at room temperature before antibodies were applied as stated in section 2.2.8 
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3.1. Investigating peptide uptake under normal conditions 

In order to function, Gap19 must enter the cell and gain access to the intracellular CT of Cx43199. However, 

native Gap19 has low cell permeability. Thus the CPP sequence of Xentry was added to produce Xentry-Gap19 

(XG19)257. XG19 uptake was investigated in cultured human cells and compared to native Gap19 uptake to 

evaluate if cell entry was improved under normal culturing conditions. 

3.1.1. Cellular uptake of XG19 and Gap19 into hRMEC and ARPE-19 cells 

In neovascular AMD, choroidal endothelial cell damage results in vascular permeability and BRB integrity is lost 

due to the death of retinal pigment epithelium (RPE)23,286. Cx43 HC inhibition has been shown to reduce 

vascular permeability, inflammation and cell death in ocular models88,91,162,177,179,209,210,282. Primary human retinal 

microvascular endothelial cells (hRMEC) and immortalized human retinal pigment epithelium cell (ARPE-19) 

cultures present similar physiological characteristics to in vivo inner and outer BRB cells respectively287-289. 

These cells also express functional Cx43 HC and are ideal to assess Cx43 HC activity179,282. Therefore, cellular 

uptake of peptides was investigated in hRMEC (Figure 3.1) and ARPE-19 cells (Figure 3.2). 

Gap19 and XG19 peptides were tagged with FITC (green) in order to visualise cell uptake. The FITC tag leads the 

Gap19 sequence of both peptides, therefore any fluorescence visualised inside the cell was indicative of full 

length peptide uptake including the FITC tag. XG19 uptake occurred in a dose dependant manner as observed 

by increasing FITC fluorescence with increasing XG19 concentrations in both hRMEC and ARPE-19 cells (Figure 

3.1 and Figure 3.2, respectively). Gap19 uptake was undetectable and comparable to the untreated cells (no 

peptide control) at concentrations lower than 50 µM in hRMEC and 100 µM in ARPE-19 cells suggesting that 

Gap19 did not enter the cells at the lower concentrations. The amount of uptake observed at 10 and 20 µM of 

XG19 was far greater than for Gap19 at 100 µM in either cell culture. This showed that the addition of Xentry to 

Gap19 improved Gap19 uptake efficiency into ARPE-19 cells.  
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Figure 3.1. Gap19 and XG19 uptake into hRMEC. hRMEC were either left untreated (a) or were treated with 
10, 20 or 50 µM of XG19 (b-d) or 10, 20, 50 or 100 µM of Gap19 (e-h). Peptides were labelled with FITC (green) 
and nuclei were stained with DAPI (blue). Scale bar: 100 µm. 

 

Figure 3.2. Gap19 and XG19 uptake into ARPE-19 cells. ARPE-19 cells were either left untreated (a) or treated 
with 10, 20 or 50 µM of XG19 (b-d) or 10, 20 50 or 100 µM of Gap19 (e-h). Peptides were labelled with FITC 
(green) and nuclei were stained with DAPI (blue). Scale bar: 100 µm. 
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Previous attempts to observe native Gap19 function in vitro have required high peptide concentrations 

between 170-400 µM199,200,290. The functional concentration of Gap19 varies among cell lines as shown 

previously in astrocytes where it achieved a half maximal HC blocking effect at 142 µM compared to 47 µM in 

C6 (glioma) cells199,200. Gap19 has some cell penetration ability due to the four charged lysine residues in its 

sequence, and suggesting that Gap19 was better able to enter C6 cells compared to astrocytes. In a similar 

way, in the current study Gap19 was able to enter hRMEC marginally better than ARPE-19 cells. This could be 

due to the greater surface area available in hRMEC cultures compared to ARPE-19 cells which form tight 

junctions thus only allowing Gap19 to enter the cell from the apical surface of ARPE-19 cells291. The addition of 

Xentry vastly improved the uptake of Gap19 in both these cell cultures as XG19 was visually detectable at 10-20 

µM and saturated cells at 50 µM confirming an improvement in uptake efficiency. Future uptake studies could 

investigate if mixtures of native Gap19 and Xentry peptides also results in uptake of Gap19 into the cell. This 

would be a good control to observe if Gap19 uptake was a result of direct conjugation to Xentry. Xentry enters 

cells via surface expressed Syndeca-4 protein which has been found to be present on endothelial and RPE 

cells257,273,292. Since hRMEC and ARPE-19 cells are representative of in vivo retinal cells, this improved uptake 

suggested that XG19 would be readily taken up by cells in the RPE layer as well as endothelial cells of the inner 

retina. Endothelial cells of the inner and outer retina share similar morphological characteristics, thus the 

choroidal vasculature could also be targeted with XG19293. 

3.1.2. Cx43, Syndecan-4 labelling and XG19 uptake in hRMEC and ARPE-19 cells  

ARPE-19 and hRMEC have previously been reported to express Cx43 and have been used to assess Cx43 HC 

opening as well as block with Cx43 mimetic peptides in in vitro assays179,282. In the current study, it was noticed 

that XG19 entered ARPE-19 cells more readily than hRMEC. As XG19 enters cells via cell surface expressed 

Syndecan-4, ARPE-19 and hRMEC were investigated for Syndecn-4 expression to determine if a difference in 

Syndecan-4 expression was responsible for the difference in observed XG19 uptake257. Cx43 expression was 

also investigated in these cells to determine which cell line would be better to perform Cx43 HC functional 

assays on.   

As shown in Figure 3.3, ARPE-19 and hRMEC both expressed Cx43 consistent with previous literature147,210,282. 

However, the expression of Cx43 in ARPE-19 cells was much greater than in hRMEC. RPE cells naturally form a 

monolayer in vivo to create the outer BRB between the neuronal retina and the choroidal vasculature4,16. As a 

result, ARPE-19 cells form a regular monolayer in culture with clearly defined cell boundaries288,294. These 

boundaries may account for the higher Cx43 gap junction labelling while the homogeneity of the cell structure 

also makes them better suited for functional assays.  

While Syndecan-4 expression has been reported previously in primary human umbilical endothelial cells, this is 

the first investigation of Syndecan-4 expression in hRMEC292. Syndecan-4 expression was also observed in 

ARPE-19 cells, consistent with previous literature and was observed to be higher than in hRMEC273. Syndecan-4 
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plays a diverse role in cell adhesion as well as intracellular and extracellular signalling (see section 1.6.2.1)270,295. 

In endothelial cells, Syndecan-4 is primarily required for the formation of focal adhesion and endothelial cell 

alignment to preserve the structure of blood vessels292,296. RPE cells are required for the maintenance of the 

BRB and therefore interact with a number of extracellular molecules such as VEGF, FGF, PDGF among others to 

maintain homeostasis of the outer retina16,297,298. In the RPE, Syndecan-4 can be utilized for cell adhesion by 

binding fibronectin for the formation of focal adhesions as well as the binding of extracellular molecules in 

order to mediate signalling mechanisms to maintain retinal homeostasis270,273,299. The diverse function of 

Syndecan-4 in RPE cells is likely the reason for increased Syndecan-4 labelling in ARPE-19 cells. 

 

Figure 3.3. Cx43 and Syndecan-4 labelling in cell cultures as well as XG19 uptake. ARPE-19 cells were labelled 
for Cx43 (a) and Syndecan-4 (b) and were also treated with 50 µM XG19 (c). Results were compared to hRMEC 
which were also labelled for Cx43 (d) and Syndecan-4 (e) as well as treated with 50 µM XG19 (f). Peptides were 
tagged with FITC (green) while Cx43 and Syndecan-4 were labelled with fluorescent antibodies (green) and 
nuclei were stained with DAPI (blue). Scale bar: 100 µm. 

As ARPE-19 was an immortalised cell line, cells were easier to culture reliably and could survive multiple 

passages whereas primary hRMEC were only reliable for a very limited number of passages. The increased 

expression of Syndecan-4 and Cx43 in ARPE-19 cells also rendered them a better cell line to perform further 

uptake and functional studies which coupled with their very regular overlapping cell morphology within a 

monolayer made them more consistent to work with. For these reasons, subsequent experiments were carried 

out using ARPE-19 cells only. 
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3.1.3. Cellular uptake of XG19, TAT-Gap19 and Gap19 into ARPE-19 cells 

TAT is a non-specific CPP derived from the HIV virus which has been used to improve the uptake of cargo 

molecules261,262. The poor uptake efficiency of Gap19 has previously been improved with the CPP TAT, resulting 

in improved HC block at lower concentrations in comparison to native Gap19199,200,265,290,300. These studies, 

however, did not compare the uptake of TAT-Gap19 to native Gap19. We therefore investigated the uptake of 

TAT-Gap19 in comparison to XG19 and native Gap19 in ARPE-19 cells.  

As shown in Figure 3.4, XG19 and TAT-Gap19 uptake was observed at 10, 20 and 50 µM while even the highest 

concentration of Gap19 used (100 µM) did not result in any detectable fluorescence similar to cells not treated 

with peptide (no peptide control) (Figure 3.4a). This suggested that native Gap19 at 100 µM was unable to 

penetrate ARPE-19 cells efficiently. TAT-Gap19 uptake was greater than XG19 uptake at each of the tested 

concentrations reaching maximal uptake at 20 µM, whereas XG19 uptake was greatest at 50 µM although still 

lower than with TAT-Gap19 at the same concentration. This showed that both XG19 and TAT-Gap19 improved 

cell uptake of Gap19. The higher uptake efficiency of TAT-Gap19 is likely due to a difference in the uptake 

mechanism of Xentry and TAT. Xentry only enters cells via receptor mediated endocytosis using Syndecan-4 as 

a receptor ligand, limiting the rate of uptake257,258. In addition to endocytic pathways, TAT enters cells via 

various other uptake mechanisms including direct membrane translocation and macropinocytosis, 

simultaneously allowing rapid entry of the peptide into all cells301-303. These uptake mechanisms are facilitated 

by the non-specific interaction of TAT with the cell surface at greater than ten sites per cell304. Nevertheless, 

the multiple entry mechanisms of TAT has the potential to overload cells resulting in toxicity and rendering 

uptake less cell specific305,306.  

Closer observation of peptide uptake (Figure 3.5) revealed that TAT-Gap19 uptake resulted in nuclear 

translocation whereas XG19 was only detected in the cytoplasm. The nuclear uptake of TAT-Gap19 has 

potential for toxicity as has been demonstrated in previous applications of TAT225,307,308. Furthermore, the 

target site for Gap19 is the CT of the Cx43 protein in the cell membrane; therefore, nuclear translocation could 

potentially reduce efficacy199. This has been displayed in some in vitro assays which have required high (400 

µM) TAT-Gap19 concentrations in order to observe any function290. In an ex vivo brain model TAT-Gap19 was 

ineffective at 100 µM and had to be increased to concentrations of 200 µM in order to observe Cx43 HC 

block265. In an in vivo mouse model of sepsis, an increase of TAT-Gap19 from 15 mg/kg to 120 mg/kg decreased 

animal survival from 60 to 20%206. This was likely due to the nonspecific nature of TAT reducing efficient uptake 

by the target cells coupled with unnecessary nuclear translocation of the peptide reducing the overall efficacy 

of the peptide. The delivery of cargo molecules with Xentry has been shown to be non-toxic in previous studies 

and is therefore a safer method for the delivery of Gap19257-259. Therefore, TAT-Gap19 was not investigated 

further. 
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Figure 3.4. XG19, TAT-Gap19 and Gap19 uptake into ARPE-19 cells. ARPE-19 cells were either left untreated 
(no peptide) (a) or treated with 10 (b), 20 (c), or 50 µM (d) of XG19. Cells were also treated with 100 µM of 
Gap19 (e) or 10 (f), 20 (g), or 50 µM (h) of TAT-Gap19. All peptides were FITC (green) tagged and nuclei were 
counterstained with DAPI (blue). Scale bar: 100 µm.  
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Figure 3.5. Cellular localisation of XG19 and TAT-Gap19. ARPE-19 cells were treated with 50 µM TAT-Gap19 
and peptide localisation was observed by the FITC (green) tag (a) while nuclei were counterstained with DAPI 
(blue) (b). Observation of the merged image (c) was used to identify cytoplasmic or nuclear localisation of 
Gap19. This was compared to cells treated with 50 µM XG19 with peptide localisation observed by the FITC 
(green) tag (d), while nuclei were counterstained with DAPI (e). The merged image (f) showed cytoplasmic 
localisation of Gap19. Scale bar: 50 µm. 

3.1.4. ARPE-19 cell viability following XG19 cellular uptake 

CPP uptake or storage within cells has the potential to cause cytotoxicity. This can be due to disruption of the 

cell membrane during uptake or interference with cellular contents post uptake309,310. An MTT assay was 

performed to observe the short and long term cell viability of ARPE-19 cells post XG19 treatment. Cells were 

exposed to increasing concentrations (5, 10 or 20 µM) of XG19 for either 1 or 24 h. Untreated cells were used 

as a positive viability control. As shown in Figure 3.6, XG19 treated cells showed no significant difference in 

viability when compared to untreated cells at both 1 and 24 h time points. This confirmed that the initial 

uptake process of XG19 into cells did not affect cell viability, as indicated by the 1 h results. Furthermore, once 

inside the cells, even at 24 h post uptake XG19 did not reduce cell viability. This was consistent with previous 

literature showing that Xentry uptake does not affect cell viability257-259.  

46 
 



 Chapter 3: Results and discussion 

 

Figure 3.6. Cell viability assay post XG19 uptake. Cell viability assay of ARPE-19 cells exposed to increasing 
concentrations of XG19 (5, 10 or 20 µM) for 1 or 24 h and compared to untreated cells as a control. Statistical 
analysis was carried out by two-way ANOVA and post hoc comparisons using Dunnett’s multiple comparisons 
test and statistical significance (ns=not significant) was represented as a difference from the untreated cells. 
(n=3 wells per treatment group; mean + SD).  

3.2. Functional assessments of XG19 under non-injury conditions 

XG19 efficiently entered primary hRMEC and ARPE-19 cells without reducing cell viability (see section 3.1). 

Furthermore, the uptake was more efficient than that of native Gap19. Cx43 HC block was next investigated to 

determine the bioavailability and activity of XG19 post uptake using well established in vitro functional assays.  

3.2.1. HC mediated EthD-1 uptake  

The uncontrolled opening of Cx43 HC during injury causes cytoplasmic contents to be lost to the environment. 

Open HC also permit the entry of small environmental molecules (up to 1 kDa) resulting in ionic and osmotic 

imbalances inside the cells eventually resulting in cell death179,189,311. HC opening has also been implicated with 

ion fluxes and ATP release leading to inflammasome activation, an innate immune system response persisting 

in chronic disease179,312. HC opening can be stimulated in vitro by reducing extracellular calcium313,314. In a 

similar way high extracellular calcium can inhibit HC opening315. Small fluorescent molecules such as ethidium 

bromide and propidium iodide have been used extensively to assess HC opening in dye uptake assays200,208. 

Ethidium homodimer (EthD-1) is a small fluorescent molecule (800 Da) that has classically been used as a stain 

to identify dead cells316. EthD-1 is able to enter cells with compromised cell membranes and accumulate at high 

concentrations, binding to the nucleus and thus resulting in a hyperfluorescent stain317. In the HC assay, cell 

membranes are intact, however, low calcium solution stimulates Cx43 HC opening therefore permitting the 

entry of EthD-1 into the cells, resulting in a detectable fluorescence over time. ARPE-19 cells were exposed to 
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low or high calcium solution for increasing durations in order to identify the optimal time point at which EthD-1 

fluorescence could be detected within the cells, while allowing for differentiation of open and closed HC. As 

shown in Figure 3.7, EthD-1 was almost undetectable inside the cells up to 20 min in high calcium solution 

while there was a slight increase in background fluorescence at 30 to 60 min. This was expected as low EthD-1 

concentrations result in low background fluorescence whereas at high concentrations EthD-1 accumulates in 

the nucleus resulting in brighter fluorescence317. It is possible that small amounts of EthD-1 were able to enter 

the cell via other membrane channels such as pannexins leading to the low background fluorescence. In the 

presence of low calcium solution there was a time dependent increase in EthD-1 detection from 5 to 40 min 

reaching saturation at 50 min. This suggested that at the 40 min time point the majority of HC were open 

resulting in saturation of the cell with EthD-1. Moreover, there was a clear distinction in fluorescence between 

low and high calcium treated cells at the 40 min time point, thus distinguishing open form closed HC, which 

was therefore the chosen time point to observe HC inhibition. 
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Figure 3.7. Optimisation of the HC mediated EthD-1 uptake assay. ARPE-19 cells were exposed to EthD-1 (red) 
in high calcium solution to block HC opening (a-h) or low calcium solution to stimulate HC opening (i-p) for 
increasing durations and accumulation of EthD-1 inside the cell was observed. Scale bar: 500 µm. 

HC opening can be inhibited by multiple pharmacological approaches including CBX and LaCl3 which have been 

used to block HC in numerous studies129,177,199,208. LaCl3 is a calcium channel blocker which has been used to 

inhibit Cx43 HC, while CBX has been used to inhibit both Cx43 HC and gap junctions185,318-322. Peptide5 is an 

extracellularly acting mimetic peptide which has been used at low concentrations (20 µM) to block 

uncontrolled Cx43 HC opening while blocking gap junctions at high concentrations (100 µM or greater)179,208,209. 

Molecules such as ethidium bromide and propidium iodide have already been validated as molecules to assess 

Cx43 HC opening which can be blocked by CBX, LaCl3 or Peptide5 treatment200,208. These blockers, however, 

have never been shown to inhibit EthD-1 dye entry as a function of Cx43 HC block. EthD-1 has previously been 

shown to provide a more distinct separation between RNA (cytoplasmic) and DNA (nuclear) binding compared 

to ethidium bromide and propidium iodide making it a more sensitive molecule to assess dye entry323. 

Furthermore, ethidium bromide is a hazardous substance as it is a known mutagen and possible carcinogen324. 
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Therefore, Ethd-1 is potentially a safer and more reliable alternative to assess Cx43 HC opening and block. To 

validate EthD-1 as a molecule to assess HC opening, the well-established HC blockers LaCl3, CBX and Peptide5 

were used to inhibit EthD-1 entry via Cx43 HC. 

As shown in Figure 3.8, exposing cells to low calcium solution resulted in detectable EthD-1 fluorescence inside 

the cells. Intense fluorescence was observed in some cells indicative of nuclear localisation while others had 

lower fluorescence indicative of cytoplasmic localisation. Treatment with CBX, LaCl3 and Peptide5 and high 

calcium solution inhibited EthD-1 from entering the cells resulting in very low cytoplasmic fluorescence. This 

showed that CBX, LaCl3 and Peptide5 were all able to inhibit the entry of EthdD-1 into the cells by inhibiting HC 

opening consistent with previous literature208,319. Overall, this confirmed that EthD-1 uptake can be used to 

assess Cx43 HC opening and a distinction can be made between cytoplasmic binding (low EthD-1 entry) and 

nuclear binding (high EthD-1 entry) as an indicator of EthD-1 entry. 

 

Figure 3.8. Inhibition of EthD-1 entry using known HC inhibitors. ARPE-19 cells were exposed to EthD-1 (red) in 
high calcium solution (a) to block HC opening. ARPE-19 cells were also exposed to EthD-1 in low calcium 
solution either alone (b) or with known HC inhibitors CBX (c), LaCl3 (d) or Peptide5 (e). Accumulation of EthD-1 
inside the cell was observed. Scale bar, 100 µm. 

The ability of XG19 to inhibit HC opening post cellular uptake was observed using the HC mediated EthD-1 

uptake assay (Figure 3.9). FITC-labelled XG19 used in the cellular uptake experiments was also tested here to 

observe if the FITC label itself would affect with peptide function. Cells exposed to the low calcium solution 

showed increased EthD-1 uptake due to the opening of HC permitting the entry of the dye into the cell (Figure 

3.9a). High calcium solution closed Cx43 HC and therefore inhibited EthD-1 dye uptake (Figure 3.9b). Both XG19 

and FITC-XG19 were able to inhibit EthD-1 dye uptake with the fluorescence observed similar to the high 

calcium control (Figure 3.9c and d). Therefore, both XG19 and FITC-XG19 were in a biologically available form 

post cellular uptake and were able to function as HC blockers. It should be noted that fluorescent tags such as 

FITC can sometimes interfere with peptide uptake and/or function. Therefore, it was encouraging to observe 

that the FITC label did not interfere with XG19 function. Nevertheless, future studies could investigate uptake 

of the untagged peptide which could then be labelled with specific antibodies post uptake to better ensure that 

peptide uptake and/or function are not affected by the tag. Quantification of mean EthD-1 fluorescence 

intensity revealed that high calcium (p<0.0001), XG19 and FITC-XG19 (p<0.001) all resulted in a significant 

reduction of EthD-1 uptake compared to low calcium solution treatment by inhibiting HC opening. This 
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confirmed that XG19 functioned as a Cx43 HC blocker and was in a bioavailable form post uptake. Furthermore, 

the function of the FITC-XG19 confirmed that the full length peptide rather than just the FITC label was taken 

up during the studies. Previous experiments observing ethidium bromide uptake in a similar assay have shown 

that up to 172 µM of Gap19 had no effect on Cx43 HC inhibition with efficacy only improved when the 

concentration was increased to 344-688 µM of Gap19200. The experiments here have shown that even 

concentrations as low as 5 µM of XG19 can be efficacious in this assay due to the increased uptake efficiency. 

 

 

Figure 3.9. Inhibition of EthD-1 entry in the HC mediated EthD-1 uptake assay using XG19. ARPE-19 cells were 
treated with low calcium solution alone (a), high calcium solution (b), 5 µM XG19 (c) or 5 µM FITC-XG19 (d) in 
low calcium solution in the presence of EthD-1 (red) and uptake was observed by confocal microscopy. EthD-1 
uptake was quantified by measuring the mean EthD-1 fluorescence intensity in four areas per treatment group 
(e). One-way ANOVA was carried out with post hoc Dunnett’s test and statistical significance (***p<0.001, 
****p<0.0001) was represented as a difference from the low calcium control (n=4; mean + SD). Scale bar: 500 
µm.  

3.2.2. HC mediated ATP release assay 

Among the small molecules and ions released via HC during injury is ATP which, for example, provides signals to 

stimulate and perpetuate the production of inflammatory cytokines, via the inflammasome pathways, 

therefore perpetuating the inflammatory condition179,312,325. Measurement of extracellular ATP has been 

carried out extensively to assess HC function to determine the efficacy of Cx43 HC blockers, study Cx43 protein 

truncation or determine cell injury179,209,282,325-327. Low calcium solution was applied to ARPE-19 cells in order to 

stimulate HC opening for increasing time intervals and extracellular ATP was then measured using a 

luminescent assay. As shown in Figure 3.10, ATP release from cells in high calcium solution was minimal 
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suggesting HC remained closed. Cells exposed to low calcium solution, on the other hand, showed a steady 

release of ATP with no difference between 5-20 min. There was a steep increase in ATP release between 20-35 

min suggesting that during those time points a maximal number of HC were open, releasing large amounts of 

ATP to the environment. ATP release reached a plateau from 35 to 45 min. During this period, the intracellular 

stores of ATP were exhausted and no more ATP could be released into the environment. The diminished 

luminescence measurement from 45 to 60 was likely due to the breakdown of the extracellular ATP. The 35 

min time point was therefore chosen to be optimal for the assessment of HC function as maximal ATP release 

could be measured at this time point and could be used to detect Cx43 HC block with XG19 or other known 

blockers.  

 

Figure 3.10. HC mediated ATP release. ARPE-19 cells were exposed to either low calcium solution (blue) or high 
calcium solution (orange). Extracellular ATP was measured by detecting the luminescence. High calcium 
solution resulted in very low detection of ATP suggesting closed HC. In low calcium solution a steady release of 
ATP was detected between 5-20 min. ATP release escalated from 20-35 min before reaching a plateau. 

XG19 inhibition of HC mediated ATP release was compared to the known HC and gap junction blocker CBX. As 

shown in Figure 3.11, low calcium solution alone resulted in maximal ATP release. Statistical analysis revealed 

that ATP release was significantly reduced in the presence of XG19 (p<0.01) and CBX (p<0.0001). This 

confirmed that XG19 was able to block ATP release via HC. The greater reduction in ATP release seen with CBX 

compared with XG19 suggested that CBX is a more efficient Cx43 HC blocker. However, it may also be due to 

the non-specificity of CBX which blocks multiple channels including other connexin channels such as Cx46  as 

well as pannexins also present in ARPE-19 cells which may account for the overall lower ATP release, whereas 

XG19 is specific to Cx43 HC and thus not interfering with other ATP releasing channels151,311,328. Previous studies 

observing blockage of ATP release with Gap19 have used high peptide doses (142 µM) where a comparable HC 
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block was achieved with only 5 µM of XG19 in the studies presented here, suggesting improved function of 

XG19 over Gap19 due to improved cell uptake200. 

 

Figure 3.11. Inhibition of HC mediated ATP release with XG19 and CBX. ATP release from ARPE-19 cells in low 
calcium solution either left untreated or pre-treated with 5 µM XG19 or 100 µM CBX. Statistical analysis was 
carried out via one-way ANOVA and post hoc comparisons using Dunnett’s test and statistical significance 
(**p<0.01, ****p<0.0001) was represented as a difference from untreated cells (n=3 wells per treatment; 
mean + SD). 

To observe if XG19 was still functional several hours post uptake, ATP release was measured 1 and 24 h post 

uptake. As shown in Figure 3.12, XG19 inhibition of Cx43 HC resulted in a significant reduction in ATP release 

compared to untreated cells at 1 h compared to untreated cells. Furthermore XG19 significantly blocked ATP 

release compared to untreated cells at 24 h. This confirmed that XG19 was bioavailable and functional 24 h 

post uptake indicating cytoplasmic stability and a long half-life of the peptide. Peptides typically have short 

half-lives in serum making peptide drug delivery a challenge as the peptide must reach its site of action before 

it is broken down, therefore it is interesting to note that XG19 was able to function even 24 h post uptake329,330. 

Furthermore Cx43 turnover occurs every two to three hours depending on the cell type331. This alters the HC 

blocking kinetics of Cx43 mimetic peptides in various cells332. This suggested that XG19 was able to block new 
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Cx43 HC at the 24 h time point which were not yet formed during the initial uptake. Therefore, rapid cell entry 

could protect XG19 from degradation and internalised XG19 could potentially act as a reservoir until triggered 

by a Cx43 HC opening event such as in injury, thus improving long-term efficacy of the peptide. While not 

performed in this thesis, future studies should further investigate peptide stability using techniques such as 

mass spectrometry or reversed-phase high-performance liquid chromatography (RP-HPLC) to determine the 

half-life of XG19 in serum and thus understand its potential use in systemic delivery333.  

   

 

Figure 3.12. Inhibition of Cx43 HC mediated ATP release by XG19 at 1 and 24 h post uptake. HC function was 
assessed via the ATP release assay in ARPE-19 cells either 1 or 24 h post cellular uptake of increasing 
concentrations of XG19 (5, 10 or 20 µM) and compared to untreated cells. Statistical analysis was carried out by 
two-way ANOVA and post hoc comparisons using Sidak's multiple comparisons test. Statistical significance 
(**p<0.01, ***p<0.001, ****p<0.0001) was in comparison to the untreated cells at each time point (n=3 wells 
per treatment; mean + SD).    

Peptide5, an extracellular acting Cx43 mimetic peptide, has been shown to block the release of ATP via Cx43 

HC179,182,209. Therefore, XG19 inhibition of ATP release was compared to that of Peptide5. In this assay XG19 was 

applied at the same time as the low calcium solution to observe if XG19 could act immediately, in a similar way 

to the extracellular acting Peptide5. As shown in Figure 3.13, ATP release was significantly (p<0.0001) reduced 

in the presence of both XG19 and Peptide5. This showed that XG19 was able to have a similar onset of action 

as the well-established extracellular loop Cx43 mimetic peptide, Peptide5. This was an interesting finding as 

Peptide5 immediately acts on the extracellular region of Cx43, whereas the efficiency of XG19 depends on its 

cell uptake and endosomal escape in order to interact with the Cx43 CT, suggesting that this occurred in a rapid 

fashion such that intracellular blocking was as efficient as extracellular blocking209. As ATP release was a 
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quantitative method to measure HC function it was preferred over the EthD-1 uptake assay and was therefore 

used in all further assessments of HC function.  

 

Figure 3.13. Inhibition of HC mediated ATP release with XG19 and Peptide5. ATP release of ARPE-19 cells in 
low calcium solution, either left untreated or in the presence of 5 µM XG19 or 20 µM Peptide5. Statistical 
analysis was carried out via one-way ANOVA and post hoc comparisons using Dunnett’s test. Statistical 
significance (****p<0.0001) was in comparison to the untreated cells (n=3 wells per treatment; mean + SD). 

3.2.3. Dye scrape/load assay with XG19, Gap19 and CBX to assess gap junction function 

Intercellular communication via gap junctions is essential for physiological function. Long term block of gap 

junctions could therefore be detrimental to cell health319,334. Some extracellularly acting peptides such as 

Gap26/27 and Peptide5 inhibit gap junction function at high concentrations or during prolonged periods of 

exposure209,211,335. Gap19, however, does not alter gap junction function199,200,290. This is because while Cx43 HC 

are closed, the CL and CT are free and in this position gap junctions are open. Therefore, XG19 interference 

with the CT inhibits interaction with the CL and keeps HC closed while gap junctions remain open (see section 

1.5.7)200. The dye scrape/load assay is a classic gap junction assay to determine gap junction function336. In the 

assay, the passage of fluorescent Lucifer yellow (LY) dye from cell to cell via gap junctions can be visualised182. 

Gap junction function in the presence of XG19 or CBX was assessed using the dye scrape/load assay. As shown 
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in Figure 3.14a, cells that were not scraped did not take up any dye whereas when the monolayer was scraped 

cells adjacent to the scrape allowed the LY dye into the cell, which was then passed onto neighbouring cells via 

open gap junctions (Figure 3.14b). Consistent with previous literature, cells treated with the non-specific HC 

and gap junction blocker CBX took up LY into cells immediately adjacent to the scrape, but the dye was not 

further transported to any neighbouring cells due to blocked gap junctions (Figure 3.14c)337. Cells treated with 

5 µM XG19 (Figure 3.14d) also resulted in dye uptake at the site of the scrape, but this was then transferred to 

neighbouring cells via gap junctions similar to the untreated control. This suggested that while XG19 blocks HC, 

it maintains gap junction function which is required for physiological cell-to-cell communication. This was 

consistent with previous studies which have shown the ability of Gap19 to maintain gap junction function post 

uptake in dye scrape/load assays200. The ability of XG19 to maintain gap junction function shows that the 

Xentry sequence does not interfere with Gap19 maintenance of gap junction function post uptake. Therefore, 

while XG19 is a Cx43 HC inhibitor, it does not affect gap junction functions at the dose level used here. It is of 

note, that the mechanism, by which XG19 acts on the free Cx43 CT to block Cx43 HC, suggests that it should not 

interfere with gap junction function. 

 

Figure 3.14. Dye scrape/load gap junction assay in ARPE-19 cells. ARPE-19 cells that were not scraped did not 
take up the LY dye (a). Untreated cells that were scraped (white line) took up dye at the site of injury which was 
passed onto neighbouring cells via open gap junctions (b). CBX inhibited gap junction communication and thus 
inhibited dye spread to adjacent cells (c). Dye spread was seen in cells treated with XG19 suggesting functional 
gap junctions (d). Scale bar: 200 µm. 

3.3. Investigating XG19 uptake during injury 

In AMD, RPE cells are exposed to inflammatory cytokines such as TNF-α and IL1-β61,178,179. Furthermore, 

vascular permeability results in insufficient perfusion resulting in localised sites of ischaemia and leading to 

hypoxia91,177. Injuries such as hypoxia and inflammation are known to alter the expression of Syndecan-

4278,280,292,338. Hypoxia or HI injury can be induced in vitro with the application of HAIR or HI solutions, 

respectively, resulting in the increased expression of Cx43 and HC opening209,281,282. Therefore, Syndecan-4 

expression was investigated under these injury conditions. 

 

56 
 



 Chapter 3: Results and discussion 
3.3.1. Syndecan-4 expression in response to hypoxic injury 

The expression of Syndecan-4 was observed in hypoxic and normal cells (Figure 3.15). Hypoxic cells showed 

increased Syndecan-4 expression from 1 to 6 h compared to normal cells, with a slight decline at 24 h likely due 

to low levels of cell death caused by over exposure to the HAIR solution, thus reducing the cell density and 

therefore the overall Syndecan-4 expression. Quantitative analysis revealed that Syndecan-4 expression in 

hypoxic cells was significantly greater than in normal cells at every time point. This showed that ARPE-19 cells 

increase Syndecan-4 expression in response to hypoxia. 

Previous studies have shown that Syndecan-4 expression was increased following acute myocardial infarction 

in humans339. Observation of the repair regions of the damaged cardiac tissues with infarction revealed higher 

Syndecan-4 labelling compared to undamaged areas with hypoxia treatment resulting in increased Syndecan-4 

gene expression339. This suggested that Syndecan-4 upregulation due to the hypoxic stimulus during myocardial 

infraction could act as a repair molecule due to its cell binding and cell signalling mechanisms270,339. The 

induction of hypoxia in nucleus pulposus cells of intervertebral disc tissue, have shown an increase in 

Syndecan-4 expression280. The Syndecan-4 gene (SDC4) was shown to be hypoxia-sensitive and regulation was 

dependent on HIF-1α accumulation, suggesting that Syndecan-4 plays a major role in nucleus pulposus cell 

homeostasis280. Cell culture studies have shown that HIF-1α expression is increased in ARPE-19 cells under 

hypoxic conditions58. This likely results in increased Syndecan-4 expression under these conditions. HIF-1α is a 

transcription factor for many angiogenic molecules including VEGF, which is over-produced by RPE cells during 

ischaemia to promote choroidal blood vessel growth and restore the vascular supply58,340,341. Furthermore, 

cultured human RPE cells have been shown to have some resistance to hypoxia mediated cell death in lowered 

oxygen environments suggesting a functional role under these conditions342. As mentioned previously (see 

section 3.1.2), RPE cells utilize Syndecan-4 for cell adhesion as well as signalling mechanisms to maintain 

homeostasis in the outer retina270,273. Given the binding and cell signalling role of Syndecan-4 with growth 

factors such as VEGF, it is likely that overexpression during hypoxia occurs to aid angiogenic pathways for 

retinal homeostasis270,274. In neovascular AMD, localised sites of ischaemia due to CNV lead to chronic hypoxia 

in RPE cells stimulating the overproduction of VEGF and perpetuating the disease (see section 1.2.3)30. Since 

Syndecan-4 is the target ligand used by XG19 for cellular uptake, increased Syndecan-4 expression in hypoxic 

RPE cells would allow for targeted delivery to and increased uptake of the peptide by these diseased cells257.    
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Figure 3.15. Syndecan-4 expression in normal vs. hypoxic ARPE-19 cells. ARPE-19 cells were either exposed to 
normal culture medium for 1 (a), 3 (b), 6 (c), 24 h (d) or treated with HAIR solution to induce hypoxia for 1 (e), 
3 (f), 6 (g), or 24 h (h). Syndecan-4 expression (green) was quantified by measuring the mean fluorescence 
intensity of FITC in four areas of each treatment well (i). Two-way ANOVA was carried out with post hoc Sidak’s 
test and statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was represented as a 
difference in expression from normal cells for each time point (n=4 mean fluorescence intensity measurements 
per treatment; mean + SD). Scale bar: 50 µm. 

3.3.2. XG19 and Gap19 uptake during hypoxic injury 

As mentioned previously, XG19 cell entry is Syndecan-4 mediated257. The observation of increased Syndecan-4 

expression during hypoxia is therefore likely to result in increased XG19 uptake. Therefore, XG19 and Gap19 

uptake was investigated in normal and hypoxic cells as shown in Figure 3.16. XG19 uptake was observed in 

both normal and hypoxic cells, while Gap19 uptake was undetectable in either condition. The uptake of XG19 in 

hypoxic cells was much greater than in normal cells as indicated by the overall greater fluorescence inside the 

cells. It should be noted that hypoxic cells appear slightly rounded and swollen in comparison to normal cells 

and that nuclei appear lighter due to the higher fluorescence although image acquisition setting were kept 
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constant. The improved XG19 uptake into hypoxic cells suggested that this was Xentry mediated as Gap19 

uptake was not increased under hypoxia. As Xentry utilizes Syndecan-4 as the ligand for cell entry, the 

increased uptake was likely due to the increased expression of Syndecan-4 in response to hypoxia by activation 

of HIF-1α58,280. Increased uptake of XG19 by hypoxic ARPE-19 cells increases the potential for XG19 as candidate 

therapeutic for neovascular AMD as hypoxic RPE cells in vivo are likely to have higher Syndecan-4 levels and 

therefore result in preferential XG19 uptake primarily by diseased cells30,257,273,280. 

 

Figure 3.16. Uptake of XG19 and Gap19 in normal vs. hypoxic ARPE-19 cells. Cellular uptake of XG19 and 
Gap19 peptides was conducted in normal and hypoxic ARPE-19 cells. Normal cells were left untreated (a) or 
treated with 5 µM XG19 (b) or 100 µM Gap19 (c). Cells exposed to HAIR solution in order to induce hypoxia 
were also left untreated (d) or treated with 5 µM XG19 (e) or 100 µM Gap19 (f). Peptides were visualised by a 
FITC-tag (green) and cell nuclei were stained with DAPI (blue). Scale bar: 50 µm. 

3.3.3. Syndecan-4 expression in response to HI injury 

Diabetic retinopathy (DR) is a chronic inflammatory disease resulting in retinal vascular permeability and 

disruption similar to what occurs in the choroid in AMD343,344. HI solution has been shown to simulate 

inflammatory injury in the presence of high glucose in an in vitro model of DR resulting in increased Cx43 

expression and HC opening179,282. Thus, the expression of Syndecan-4 was also investigated in cells exposed HI 

solution and compared to normal cells to identify if Syndecan-4 expression was also increased during HI injury 

As shown in Figure 3.17, Syndecan-4 expression was relatively constant over time in normal medium whereas 

cells exposed to HI solution showed increased Syndecan-4 expression from 1 to 3 h with a slight decline at 6 

and 24 h. Syndecan-4 expression in cells exposed to HI solution was greater than in normal medium at every 
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time point as shown by the increased fluorescence. Quantitative analysis showed that Syndecan-4 expression 

was significantly increased in HI solution at 3 h (p<0.0001), 6 h (p<0.01) and 24 h (p<0.001) compared to 

normal medium, while there was no significant increase at 1 h. The delayed increase of Syndecan-4 expression 

at the 1 h time point could potentially be due to the increased glucose concentrations in the HI solution 

compared to HAIR reducing cell stress and injury initially.   

Consistent with these results, an in vitro model of primary human umbilical endothelial cells stimulated with 

inflammatory injury by exposure to lipopolysaccharide (LPS) or IL-1β, showed an increase in Syndecan-4 mRNA 

expression at 4 and 24 h292. Syndecan-4 expression was four-fold greater when exposed to LPS and eight-fold 

greater when exposed to IL-1β as compared with normal controls at 4 h. At the 24 h time point, Syndecan-4 

expression in cells exposed to LPS or IL-1β was still significantly greater than in normal controls; however, the 

expression was only two-fold greater which suggested the increase in Syndecan-4 expression was transient292. 

Further analysis revealed that cell surface expression of Syndecan-4 was also increased compared to normal 

cells with IL-1β stimulation resulting in greater Syndecan-4 expression compared to LPS. The transient nature of 

Syndecan-4 has also been described in skin wound repair studies in mice showing an increase in endothelial 

cells and fibroblasts in granulation tissue for the initial 3 days while approaching baseline levels by day 10345. 

This suggests that Syndecan-4 has a role in tissue repair during injury. Stimulation of ARPE-19 cells with HI 

solution has shown increased expression of a number of inflammatory factors including VEGF179. Therefore as 

was seen in hypoxia (see section 3.3.1) the increased expression of Syndecan-4 during HI could be necessary for 

interactions with VEGF to stimulate blood vessel growth to maintain homeostasis; however, during neovascular 

AMD overproduction of VEGF perpetuates the disease condition. Since Syndecan-4 is the target ligand used by 

XG19 for cellular uptake, an increased Syndecan-4 expression by RPE cells during HI injury could potentially 

improve cell uptake primarily into these diseased cells30,179,257. 
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Figure 3.17. Syndecan-4 expression in ARPE-19 cells in normal cells vs. HI injury. ARPE-19 cells were either 
exposed to normal cell culture medium for 1 (a) 3 (b) 6 (c) or 24 h (d) or treated with HI solution for 1 (e) 3 (f) 6 
(g) or 24 h (h). Syndecan-4 expression (green) was quantified by measuring the mean fluorescence intensity of 
FITC in four areas for each treatment (i). Two-way ANOVA was carried out with post hoc Sidak’s test and 
statistical significance (ns=not significant, **p<0.01, ***p<0.001, ****p<0.0001) was represented as a 
difference in expression from normal cells for each time point (n=4 mean fluorescence intensity measurements 
per treatment; mean + SD). Scale bar: 100 µm. 

3.3.4. XG19 uptake during HI injury 

The increased Syndecan-4 expression observed during HI injury could potentially improve cellular uptake of 

XG19 into diseased cells. Therefore, XG19 and Gap19 uptake was investigated in HI exposed compared to 

normal cells. As shown in Figure 3.18, XG19 uptake was seen in normal as well as in HI exposed cells while 

Gap19 uptake was undetectable in either condition. The uptake of XG19 in HI exposed cells was greater than in 

normal cells as indicated by the greater fluorescence. This suggested that XG19 uptake was increased in HI 

exposed cells due to the increased levels of Syndecan-4 in response to HI injury. Furthermore, the increased 

uptake of XG19 in HI cells was Xentry mediated as native Gap19 uptake was not increased in these cells. The 
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increased uptake of XG19 by HI exposed cells and Syndecan-4 expression in the RPE cells renders XG19 a 

candidate therapeutic for AMD as it has the potential to be more readily taken up by cells most affected by the 

disease and therefore could result in improved therapeutic efficacy179,257,273. 

 

Figure 3.18. Uptake of XG19 and Gap19 in normal vs. HI ARPE-19 cells. Cellular uptake of XG19 and Gap19 
peptides was conducted in cells exposed to normal cell culture medium or HI solution. Normal cells were left 
untreated (a) or treated with 5 µM XG19 (b) or 100 µM Gap19 (c). Cells exposed to HI solution were also left 
untreated (d) or treated with 5 µM XG19 (e) or 100 µM Gap19 (f). Peptides were visualised by the FITC-tag 
(green) and cell nuclei were stained with DAPI (blue). Scale bar: 50 µm. 

3.4. Functional assessments of XG19 under injury conditions 

Hypoxia and HI injury both resulted in increased Syndecan-4 expression and improved XG19 uptake. The HC 

blocking function of XG19 was next investigated under these injury conditions to determine whether XG19 

function was retained during injury. 

3.4.1. ATP release under injury conditions 

Classically, low calcium solution has been used to stimulate Cx43 HC opening in order to measure extracellular 

ATP release212,326,327. Recently, ATP release in response to HAIR and HI injury has been shown to stimulate Cx43 

HC opening resulting in detectable ATP release179,209. ARPE-19 cells were exposed to low calcium, HAIR or HI 

and ATP release was measured to observe if the three solutions varied in the amount of Cx43 HC opening and 

thus ATP release. 
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As shown in Figure 3.19, ATP release was detected after exposure to all three solutions. This showed that these 

injury solutions could stimulate HC opening and thus result in ATP release which was consistent with previous 

reports179,209. Exposure to low calcium solution resulted in significantly (p<0.0001) more ATP release compared 

to HAIR and HI solutions. This was because low calcium solution stimulates HC opening on an electrochemical 

level, by activating voltage gating mechanisms of Cx43 HC, inducing a maximal amount of HC opening by 

causing membrane depolarisation346. HAIR and HI solutions, on the other hand, trigger HC opening on a 

pathophysiological level by mimicking chronic injury conditions such as acidic pH shift with HAIR solution or 

inflammatory cytokines (TNF-α and Il-1β) with HI solution209,282. This activates pathological mechanisms such as 

inflammasome activation triggering HC open and initiating the inflammatory cascade similar to what occurs in 

disease178,179,311. The greater ATP release seen with HAIR compared to HI solution was also a likely reason why 

Syndecan-4 expression is increased immediately in HAIR (1 h) versus later in HI injury (3 h), suggesting greater 

injury with HAIR solution (see sections 3.3.1 and 3.3.3). Thus, while HAIR and HI solutions resulted in lower ATP 

release compared to low calcium solution, these injury solutions have greater pathophysiological relevance. 

Therefore, HAIR and HI solutions can be considered better alternatives to study ATP release and Cx43 HC block 

during injury conditions.    

 

Figure 3.19. ATP released in response to injury solutions. ARPE-19 cells were exposed to low calcium solution, 
HAIR or HI solution and ATP release was measured. Statistical analysis was carried out via one-way ANOVA and 
post hoc comparisons using Dunnett’s test. Statistical significance (****p<0.0001) was in comparison to the 
low calcium treated cells (n=3 wells per treatment; mean + SD). 
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3.4.2. XG19 ATP release during hypoxic injury 

Peptide5, the extracellular loop peptide, has been shown to inhibit ATP release during hypoxia by blocking 

Cx43 HC182,209. Therefore, XG19 inhibition of Cx43 HC mediated ATP release during hypoxic injury was also 

investigated. As shown in Figure 3.20, XG19 treated cells showed a significant reduction in ATP release 

compared to untreated cells in HAIR solution. This result showed that XG19 was able to inhibit HC opening 

during hypoxic injury therefore resulting in reduced ATP release. Furthermore, XG19 was able to efficiently 

block HC activity at only 5 µM with no further decrease in ATP release at higher XG19 concentrations. Given the 

increased uptake of XG19 in hypoxic cells (see section 3.3.2), the preferential uptake of XG19 can inhibit HC 

opening and promote survival under these injury conditions at very low concentrations. 

 

Figure 3.20. Cx43 HC-mediated ATP release in HAIR solution. Cells were treated with 5, 10 or 20 µM of XG19 
or left untreated and exposed to HAIR solution to induce hypoxia before assessing HC opening using the ATP 
release assay. One-way ANOVA was carried out with post hoc Dunnett’s test and statistical significance 
(***p<0.001, ****p<0.0001) was represented as a difference from the untreated cells in HAIR solution (n=3 
wells per treatment; mean + SD).   

3.4.3. XG19 cell viability during hypoxic injury  

To investigate if XG19 inhibition of Cx43 HC during hypoxia improved cell survival, cell viability was assessed 

using an MTT assay. As shown in Figure 3.21, the viability of cells in HAIR solution was significantly reduced 
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compared to cells in normal medium which suggested that hypoxic cells were experiencing injury due to HC 

opening triggering ionic and osmotic imbalances, ATP release and inflammasome activation179-181,312. No 

significant difference in cell viability was seen in XG19 treated hypoxic cells when compared to the untreated 

cells in normal medium. This confirmed that XG19 prevented cell death during hypoxic injury by blocking Cx43 

HC opening. The block of ATP release via Cx43 HC inhibition has been shown to reduce retinal injury and 

promote tissue recovery in rat models of AMD88,182. Therefore, XG19 has great potential to target Syndecan-4 

over expressing cells in neovascular AMD and block Cx43 HC opening and ATP release to promote cell survival 

in diseased RPE cells. 

 

Figure 3.21. XG19 cell viability during hypoxia. ARPE-19 cells exposed to HAIR solution to induce hypoxia were 
treated with either 5 or 20 µM of XG19 or were left untreated. Cell viability was assessed using an MTT assay 
and compared to cells in normal medium. The cell viability of XG19 treated hypoxic cells was not significantly 
different to that of untreated cells in normal medium. Untreated cells in HAIR solution showed significantly 
reduced viability compared to untreated cells in normal medium. One-way ANOVA was carried out with post 
hoc Dunnett’s test and statistical significance (ns=not significant, ***p<0.001) was represented as a difference 
from untreated cells in normal medium (n=3 wells per treatment; mean + SD). 

3.4.4. XG19 ATP release during HI injury  

Peptide5 inhibition of Cx43 HC has been shown to be protective during HI injury by inhibiting ATP release and 

reducing inflammasome activation179,282. Therefore, the ability of XG19 to inhibit ATP release during HI injury by 

inhibiting Cx43 HC was investigated. As shown in Figure 3.22, both XG19 and Peptide5 were able to significantly 
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reduce ATP release compared to untreated cells in HI injury. This showed that XG19 was able to inhibit ATP 

release via Cx43 HC at a similar efficacy to Peptide5 and further validated XG19 has a HC blocker. Furthermore, 

XG19 reduced ATP release at a similar percentage to Peptide5 at a four times lower concentration. This 

suggested that XG19 can be delivered at lower doses to achieve the same therapeutic effect. This is 

advantageous as high concentrations of Peptide5 as well as other extracellularly acting mimetic peptides such 

as Gap26/27 have the potential to inhibit gap junction function209,211,335. As shown previously, XG19 uptake was 

increased during HI injury (see section 3.3.4). This highlights the potential of XG19 to specifically target 

diseased cells under HI injury to inhibit Cx43 HC opening and promote tissue survival in disease such as 

neovascular AMD and DR179,282. 

  

Figure 3.22. XG19 inhibition of Cx43 HC mediated ATP release in HI solution. Cells were treated with 5 µM 
XG19, 20 µM Peptide5 or left untreated and exposed to HI solution before assessing HC function using the ATP 
release assay. One-way ANOVA was carried out with post hoc Dunnett’s test and statistical significance 
(****p<0.0001) was represented as a difference from untreated cells in HI solution (n=3 wells per treatment; 
mean + SD).   
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3.5. In vivo mouse model of CNV 

The therapeutic efficacy of XG19 to reduce retinal inflammation, and promote tissue recovery was investigated 

in an in vivo mouse model of laser induced CNV. This is a well-established model used to study the progression 

of CNV73,75,77,79. The laser is used to perforate BM in order to disrupt BRB integrity thereby initiating the 

neovascularisation process in the choroid, eventually resulting in inflammation, angiogenesis and the formation 

of a neovascular lesion75. The model is reliant on inflammation following laser injury in order to form mature 

CNV lesions and is therefore an ideal model for investigating the therapeutic efficacy of anti-inflammatory 

drugs75. The laser induced CNV model has previously been used to study the therapeutic efficacy of 

experimental, preclinical and clinical therapeutic agents such as bevacizumab, pegaptanib, ranibizumab and 

aflibercept in reducing CNV progression and was therefore chosen to test the therapeutic efficacy of XG1977,79-

84,193,347. 

3.5.1. Laser induced CNV pilot study 

A pilot study was carried out to investigate the characteristic traits of the laser induced CNV model. Laser 

damage was created in eight C57BL/6 female mice, which were six weeks of age at the start of each 

experimental period. Male and female mice at this age typically form lesions of a consistent size and severity, 

with no difference between genders77. However, male mice can present dominant or aggressive behaviours 

when injured or in the presence of injured cage mates which should be a consideration when performing any 

mouse injury model348. Therefore, only female mice were used in this study due to the less aggressive 

phenotype making it easier to group and house the animals349. As shown in Figure 3.23, lesion progression was 

evaluated following laser injury on days 0, 1 and 7 by observing fundus, OCT and FFA images.  

Fundus imaging allows the retina to be viewed in real-time in a non-invasive manner (see section 2.2.7.3). 

Laser-induced lesion areas created in a clockwise manner around the centralized optic disc were clearly visible 

in fundus images (Figure 3.23a-c). Lesions appeared to enlarge from day 0 to 1 with a slight decrease seen at 

day 7 when a scar seemed to have formed. Previous studies have shown that the lesion cross-sectional area 

measured from fundus images typically increases in size until day 5 when it is maximal and slightly declines in 

size by day 779. This was likely why there was a slight but observable decrease in lesion size on day 7. Although 

the cross-sectional area of the lesion is maximal on day 5, a mature CNV lesion is not formed until day 7. This 

was therefore the chosen observation time-point of this study75,77,79,350.  

OCT is a non-invasive in vivo imaging technique used to generate high-resolution, cross-sectional images (see 

section 2.2.7.4). This allows for the observation of retinal structures (Figure 3.23d-f) in real time and is clinically 

used to diagnose and track the progression of a number retinal diseases including AMD, DR and retinopathy of 

prematurity (ROP)99,351-354. The use of OCT to track retinal changes in the laser induced CNV model is well 
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documented, with OCT images revealing the classic signs of laser damage on day 0, which showed typical BM 

rupture as indicated by a hypo-reflective area referred to as a subretinal bubble in the hyper-reflective RPE-

choroid complex of the outer retina77-79,92. Some hyper-reflectivity was also observed in the upper retinal layers 

(inner retina) surrounding the subretinal bubble which was indicative of inflammation typical of secondary 

thermal damage caused by the laser. On day 1, the retinal hyper-reflectivity surrounding the lesion formed a 

distinctive ‘butterfly-like’ shape which was indicative of necrosis in the damaged tissue as well as infiltration of 

neutrophils and monocytes to the site of injury77,79. On day 7, the RPE-choroid complex thickened due to the 

development of choroidal fibrovascular tissue indicating the growth of blood vessels and a build-up of debris in 

the lesion area, indicative of the formation a mature CNV lesion77,79.  

FFA is typically used to determine CNV lesion leakage rather than measure lesion size and is normally 

performed once a CNV lesion has matured (see section 2.2.7.5)77,355. In this pilot study, however, FFA was 

observed on days 0, 1 and 7 to track lesion progression. As shown in Figure 3.23 on days 0 and 1, fluorescein 

was clearly visible in lesion areas; however, this was not seen on day 7. This was surprising as the presence of a 

mature CNV lesion was observed in OCT images on day 7 which should have resulted in dye leak as has been 

previously reported77. While FFA is a clinically useful technique, it has limitations which can impede proper 

diagnosis of CNV356. These limitations are more apparent in the smaller mouse eye in comparison with the 

human eye. In the human eye the capillaries fill slowly (8-12 s post injection) allowing the capillary bed and any 

leaks to be visualised ahead of arteriovenous filling (12-18 s post injection). In the mouse eye this occurs much 

more rapidly, with a less distinguished time period between capillary and arteriovenous filling. Therefore, it is 

much more difficult to identify choroidal leaks as the contrast between the choroidal blood vessels and the 

surrounding major blood vessels is lost due to hyperfluoresence of the tissue79,357,358. The determination of CNV 

can be based on dye leakage as well as staining of the blood vessel walls. However, this is unreliable as during 

some stages of the disease lesions may neither stain nor leak357. This can occur due to diminished blood flow, 

fibrous tissue or pigment accumulation at the CNV site357. It was concluded that the fluorescence staining seen 

on day 0 and 1 was due to the staining of the exposed endothelium after the laser damage rather than true dye 

leak as this staining provided a contrast between the damaged lesion area and the background retina only 

giving the appearance of dye leak. This contrast difference was much reduced on day 7 likely due to the 

formation of a mature CNV lesion as was noted in OCT images, resulting in the formation of a fibrovascular scar 

thus diminishing the fluorescence at the CNV site. Therefore, neither fluorescein staining of the endothelium 

nor dye leak was observed on day 7. OCT has been shown to be a faster, less invasive and more reliable 

method to assess CNV lesion activity compared to FFA352,353,358. Therefore, FFA was excluded from further 

experiments. 
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Figure 3.23. In vivo ocular assessments of mouse eyes with laser induced CNV in the pilot study. Ocular 
assessments were carried out on day 0 following laser induced injury and subsequently on days 1 and 7. Fundus 
images were used to visualise lesions in the retina (a, b, c). OCT was used to observe retinal layers and track 
lesion progression (d, e, f).  FFA was used to determine dye leak from lesions (g, h, i).  

3.5.2. XG19 efficacy in a mouse model of laser induced CNV 

The efficacy of XG19 to reduce CNV lesion size, spread and retinal inflammation was investigated in 15 mice by 

creating laser induced injury in both eyes, followed by immediate intraperitoneal injection of saline alone or 

XG19 mixed in saline to achieve a circulating blood concentration of 25 µM (low dose) or 250 µM (high dose) of 

XG19. The high dose of 250 µM was selected based on TAT-Gap19 doses used in a mouse model which resulted 

in TAT-Gap19 detection in the brain, suggesting that it had penetrated the BBB, which has similar properties to 

the BRB200. Since XG19 was expected to be more targeted than TAT-Gap19 due to its improved uptake in 

injured cells over-expressing Syndecan-4 (see section 3.3) and because it had shown efficacy at very low 

concentrations in the in vitro ATP release assays (see section 3.4), it was decided that one tenth of the high 
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dose concentration could be considered as a low dose, hence 25 µM XG19. Fundus and OCT images were used 

to evaluate lesion size and CNV lesion volume, respectively, accompanied by immunohistochemistry analysis of 

post mortem tissues to assess retinal inflammation by labelling for Syndecan-4 which was shown to be 

increased during injury in in vitro assays (see section 3.3). The expression of Cx43 and GFAP as markers of 

inflammation was also investigated as these have been shown to be elevated during injury in other in vivo 

animal models of ocular disease88,90,91,210,282,359,360. 

Cross-sectional area measurements of lesions from fundus images have been shown to be a reliable way to 

measure lesion spread surrounding the site of initial laser injury193. As shown in Figure 3.24a, there was no 

difference in lesion area between the saline, low dose and high dose XG19 groups on day 1. On day 7, there 

was no change in lesion area in the saline group compared to day 1, while both XG19 treated groups had 

reduced lesion areas on day 7 compared to day 1. The reduction in lesion size for animals treated with XG19 

appeared to occur in a dose dependent manner with high dose XG19 treated mice having the smallest lesion 

area while saline injected mice showed the largest lesion areas on day 7. These results suggested that XG19 

was having a dose dependent effect on the reduction of the lesion area, thus reducing the spread of injury. 

While these results were not statistically significant, they showed a clear trend of decreasing lesion size with 

increasing XG19 concentration. An additional observation day such as day 5, which has previously been shown 

to be the time-point of maximal lesion size may show greater differences between treated and untreated 

animals than on day 779. Moreover, while cross-sectional area measurements have been shown to be reliable 

at measuring lesion spread, they are often accompanied by OCT scans in order to accurately assess injury as the 

lesion grows in three dimensions while fundus images only allow for measurements in two dimensions78,79,193. 

Ex vivo techniques such as whole-mount immunohistochemical labelling for inflammatory blood vessel markers 

such as CD31 or scanning electron microscopy (SEM) to identify changes in the retinal surface structure could 

also be performed. However, since these techniques can only be performed post-mortem, the ability to track 

lesion growth over time is lost. Therefore, OCT scans are a better alternative to tracking lesion progression in 

vivo.   
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Figure 3.24. Laser induced CNV mouse model fundus measurements. Day 1 and day 7 fundus images of saline 
injected and XG19 treated mice (a). The cross-sectional area of the lesions was measured from the fundus 
images (b). One-way ANOVA was carried out with post hoc Dunnett’s test and statistical significance (ns=not 
significant) was represented as a difference from the saline group on each day (n=8 eyes from saline group, 7 
eyes from low dose group and 8 eyes from high dose group; mean + SD). 

The decreased lesion size in this model with various treatments has been attributed to reduced VEGF 

production, reduced leakage and ultimately reduced inflammation75,78,193,361,362. In light damage rat models of 

dry AMD, Cx43 HC block with Peptide5 restored retinal layer thickness to normal by blocking ATP release 

during injury, reducing inflammation and formation of the inflammasome complex thus inhibiting the 

inflammatory cascade88. Previous studies investigating topical administration of the Cx43 mimetic peptide αCT1 
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(ACT1) in an in vivo model of laser induced CNV have also shown a reduction of lesion size indicative of retinal 

healing as it correlated with reduced blood vessel growth, subretinal fluid accumulation and reduction of the 

fibrovascular scar193. Like XG19, ACT1 interferes with CT-CL interactions; however, its proposed mode of action 

has been via interactions with tight junction zonula occludens-1 (ZO-1) proteins to traffic HC away from the cell 

membrane193,194,363. Nevertheless, both XG19 and ACT1 would reduce overall HC opening during injury either by 

HC block or trafficking, respectively. Inhibition of ATP release by reducing Cx43 HC opening would in turn 

reduce inflammasome activation and thus reduce the spread of injury61,178,179,311. In in vitro assays investigating 

wound healing in human gingival fibroblasts, Cx43 HC specific block with TAT-Gap19 resulted in reduced ATP 

signalling, activating the extracellular-signal-regulated kinase (ERK1/2) pathway and upregulating the 

expression of wound healing genes producing MMP-1,-3 and -10 which modulate inflammation and tissue 

remodelling290. Thus, the inhibition of Cx43 HC opening and ATP release with XG19 may not only interrupt the 

inflammatory cascade and inflammasome activation but also act on promoting gene expression for wound 

healing. Therefore, the reduction of HC opening with XG19 treatment following laser damage has potentially 

reduced inflammation and the spread of injury as well as promoted healing in retinal tissues. 

CNV lesion growth or reduction is normally assessed by measuring blood vessel growth by using ex vivo 

choroidal flat mounts and labelling for blood vessel markers and immune cells for agglutinin, isolectin-B4, 

CD11b, CD31, Iba1 or by perfusion with fluorescent dextran75,77,79,362,364. While this has been shown to be a 

reliable method for assessing CNV in this mouse model, performing flat mounts only allows for one or two 

markers to be assessed per eye. Since Syndecan-4, Cx43 and GFAP were to be labelled in post-mortem tissues 

to observe expression in multiple layers and across all treatment groups at the site of injury, performing flat 

mounts was not a viable option to assess CNV progression. Recently, a non-invasive quantitative method of 

evaluating CNV lesions using OCT images to calculate the three-dimensional ellipsoid volume (see section 

2.2.7.4) has been shown to be comparable to classic ex vivo techniques of choroidal flat mounts to assess CNV 

lesion size and progression78. This quantification method was used to evaluate the efficacy of XG19 to reduce 

the CNV volume.  

As shown in Figure 3.25, saline injected mice exhibited the largest CNV volume while mice treated with low 

dose or high dose XG19 showed significantly smaller lesion volumes (p<0.01). This confirmed that XG19 

treatment was able to reduce CNV lesion volume compared to saline injection. While measurements from 

fundus images showed that there was a trend towards reduced lesion area when increasing the XG19 dose, 

ellipsoid volume measurements revealed a similar CNV volume for both doses suggesting that the effective 

therapeutic concentration to reduce CNV volume and promote healing of the outer retina was already 

achieved with the lower XG19 dose. The CNV volume calculations only measure the lesion growth at the site of 

injury at the RPE-choroid complex and therefore do not reveal any information about the spread of injury in 

the surrounding tissue, such as measurements from fundus images. It is possible that the higher dose of XG19 

could have additional benefits in reducing retinal inflammation of the inner retina thus reducing lesion area 
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spread which was not captured in this measurement. It should also be taken into consideration that XG19 

reduction of CNV lesion volume at both doses resulted in CNV size reduction to almost the normal thickness of 

the RPE-choroid complex, therefore obscuring any differences in efficacy between the low dose and high dose 

groups.  

As shown previously XG19 readily entered hRMEC and ARPE-19 cells in culture and uptake was increased under 

injury conditions due to increased Syndecan-4 expression (see sections 3.1.1 and 3.3). The induction of laser 

injury to the RPE-choroid complex results in thermal damage and inflammation75. This is likely to increase the 

expression of Syndecan-4 at the site of injury and in the surrounding tissue, therefore improving the uptake of 

XG19 into these cells. This would enable the block of Cx43 HC specifically in these injured cells thus inhibiting 

the inflammatory cascade and the spread of inflammation, to promote cell survival. In a rat model of retinal 

ischaemia-reperfusion, Peptide5 treatment significantly reduced vascular leak and promoted cell survival of 

endothelial cells by blocking Cx43 HC opening and inhibiting the inflammatory cascade177. It is likely that XG19 

also promoted endothelial cell repair in the choroid by blocking Cx43 HC opening, reducing RPE-choroid 

complex thickness and CNV volume at the site of injury. Previous studies using choroidal flat mounts have 

shown that CNV lesion growth was related to VEGF production, formation of new blood vessels and immune 

cell infiltration thus thickening the RPE-choroid complex75,77,79,92. Therefore, the reduced CNV volume shown 

with XG19 treatment was most likely due to tissue healing and normalisation of the RPE choroid complex.  
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Figure 3.25. Laser induced CNV mouse model OCT lesion measurements. OCT scans acquired on day 7 from 
saline injected as well as low dose and high dose XG19 treated mice (a). The yellow dotted circle indicates the 
mature CNV lesion in the outer retina. CNV ellipsoid volume calculations were performed using measurements 
of CNV lesions from the OCT scans (b). One-way ANOVA was carried out with post hoc Dunnett’s test and 
statistical significance (**p<0.01) was represented as a difference from the saline group on each day (n=8 eyes 
from saline group, 7 eyes from low dose group and 8 eyes from high dose group; mean + SD). 

Immunohistochemical labelling was carried out on post-mortem retinal tissues of saline injected and XG19 

treated mice to observe Syndecan-4, Cx43 and GFAP as markers of inflammation and injury (Figure 3.26 and 

Figure 3.27). As shown previously, Syndecan-4 expression is increased during injury conditions (see sections 

3.3.1 and 3.3.3). Therefore, a reduction in Syndecan-4 expression would indicate a reduction in retinal injury. 

Increased expression of Cx43 and GFAP in the retina following injury has been described in a number of in vivo 

ocular models88,90,91,177,210,282,359,365. GFAP labelling has also been shown to increase following laser injury due to 

activation of Müller cells79,360. Thus, a reduction in this model would also indicate a reduction in retinal injury. 
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Figure 3.26. Syndecan-4 and GFAP expression in laser induced CNV mouse eyes. Mouse retinal tissues from 
saline injected, low dose and high dose XG19 treated mice, were labelled for Syndecan-4 (a, e, i) and GFAP (b, f, 
j) and nuclei were counterstained with DAPI (c, g, k). Merged images (d, h, l) indicate the location of the 
ganglion cell layer (GCL), inner nuclear layer (INL) and outer nuclear layer (ONL). Scale bar: 50 µm.   

Saline injected mice showed high Syndecan-4 and Cx43 expression in the inner retina (Figure 3.26 and Figure 

3.27, respectively), which coincided with high GFAP labelling extending from the GCL to the ONL. GFAP 

expression has previously been shown to be elevated due to inflammation caused by laser injury increasing as 

the CNV lesion matures79,360. In contrast, Syndecan-4, Cx43 and GFAP labelling was much lower in low dose and 

high dose XG19 treated mouse eyes suggesting that retinal inflammation was reduced with XG19 treatment. 

The reduced labelling of inflammatory markers in the inner retina in high dose compared to low dose XG19 

treated animals (Figure 3.26 and Figure 3.27) was similar to the trend seen with lesion spread in fundus images 

(Figure 3.24) thus suggesting that the higher XG19 does improve the reduction of inner retinal inflammation 

even though the effect on the outer retina was the same in both doses (Figure 3.25).  

As shown previously in in vitro assays, Syndecan-4 expression was increased during hypoxia and inflammation 

(see section 3.3). Increased Syndecan-4 levels have also previously been shown following retinal damage in 

laser induced CNV rat models while reduced Syndecan-4 labelling was observed in neovascular lesions in 

choroidal flat mounts when treated with anti-TNF-α (infliximab) to reduce inflammation366,367. In vivo literature 

data has also highlighted that GFAP and Cx43 are elevated in models of retinal inflammation and 

ischaemia79,88,90,169,282,359,368. Cx43 HC inhibition, following light damage injury as a model of dry AMD has 
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resulted in preserved retinal function and reduced retinal thinning90,182. Moreover, another study (also in the 

bright light retinal damage model of dry AMD), showed reduced inflammation using Peptide5 inhibition of HC 

indicated by reduced GFAP labelling as well as reduced infiltration of immune cells indicated by CD45 and Iba-1 

labelling88,91. In a retinal ischaemia-reperfusion model, Peptide5 HC inhibition was shown to reduce Cx43 and 

GFAP expression, reduce vascular leak and preserve retinal ganglion cells177,210,359. Thus, observation of high 

Syndecan-4 labelling in saline injected animals not only highlights retinal injury but also shows areas of 

preferential XG19 uptake during this injury condition. Furthermore, the observation of Cx43 elevation in these 

regions means that XG19 uptake into these injured cells will block Cx43 HC opening, ATP release and 

inflammasome activation specifically in areas of injury thus improving tissue recovery and repair as was seen in 

XG19 treated animals which had reduced Syndecan-4, Cx43 and GFAP expression 7 days after treatment.  

 

 

Figure 3.27. Cx43 and GFAP expression in laser induced CNV mouse eyes. Mouse retinal tissues from saline 
injected, low dose and high dose XG19 treated mice were labelled for Cx43 (a, e, i) and GFAP (b, f, j) and nuclei 
were counterstained with DAPI (c, g, k). Merged images (d, h, l) indicate the location of the ganglion cell layer 
(GCL), inner nuclear layer (INL) and outer nuclear layer (ONL). Scale bar: 50 µm.   
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3.6. Syndecan-4 and Cx43 expression in human retinal tissue  

Pathologies of neovascular AMD include the loss of BRB integrity caused by a loss of the RPE and the 

development of CNV23,286. Cx43 has been shown to be highly expressed in the RPE and in endothelial cells of the 

choroid to mediate gap junction communication137,162,369. Vascular permeability introduces inflammatory 

factors to the retina and results in hypoxia due to the poor perfusion of the tissue which has been shown to 

increase Cx43 expression129,162. Thus, uncontrolled Cx43 HC opening has been attributed to the pathogenesis of 

AMD162. As show by the in vivo data, Cx43 was highly expressed in the retina of saline injected mice which was 

reduced with XG19 treatment (see section 3.5.2). Furthermore, lesion spread and CNV volume were also 

reduced with XG19 treatment. This was likely due to the increased Syndecan-4 expression in these injured Cx43 

expressing cells, resulting in increased XG19 uptake and improved Cx43 HC block promoting tissue recovery 

(see sections 3.3 and 3.4). Therefore, the expression of Syndecan-4, Cx43 and GFAP was subsequently 

investigated in human donor retinas to identify if these inflammatory markers were also elevated in human 

disease to allow translation of XG19 as a treatment of the human condition.  

3.6.1. Cx43 labelling of human AMD donor tissue  

Human retinal tissue from donors with confirmed AMD diagnosis were sectioned and labelled for Cx43, GFAP 

and DAPI as shown in Figure 3.28. The tissue was orientated with the inner limiting membrane (ILM) at the top 

and the choroid at the bottom. There was a separation of the retinal layers seen between the outer nuclear 

layer (ONL) and the RPE due to the tissue preparation procedure. GFAP labelling was observed primarily in the 

ILM, nerve fibre layer (NFL) and ganglion cell layer (GCL) with some processes extending into the inner nuclear 

layer (INL) and superior ONL. GFAP labelling was indicative of activated astrocytes and Müller cells caused by 

inflammation of the tissue commonly seen in AMD370,371. Closer observation of the inner retina (Figure 3.28e-h) 

revealed a large blood vessel in the NFL, originating from the GCL. This large blood vessel labelled strongly for 

Cx43 and the surrounding tissue showed strong GFAP labelling. High Cx43 expression in blood vessels is likely 

indicative of Cx43 HC activity resulting in vascular breakdown, permeability and inflammation of the 

surrounding tissue leading to astrocyte and Müller cell activation. As such, GFAP labelling is often seen in 

vascular pathologies of the eye162,282. GFAP and Cx43 labelling was visualised in the ILM and throughout the 

NFL, often overlapping in areas. This was consistent with previous reports with microglia expressing elevated 

Cx43 levels under inflammatory conditions282,368,372. The RPE in the outer retina (Figure 3.28i-p) exhibited strong 

Cx43 labelling consistent with previous reports, as RPE cells are known to express Cx43 to mediate gap junction 

communication137. Some autofluoresence was observed in the GFAP channel due to the pigment granules of 

the RPE373,374. Consistent with previous reports, the choroid showed Cx43 labelling surrounding intact blood 

vessels137. However, blood vessels which had clustered nuclei indicating unregulated formation exhibited much 

stronger Cx43 labelling (Figure 3.28m)375. This was consistent with previous reports of Cx43 upregulation in 
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angiogenic blood vessels, which is likely to result in HC opening under these injury conditions resulting in 

vascular permeability162,376. Labelling of human donor tissue for Cx43 and GFAP was similar to what was 

observed in saline injected mouse eyes in the laser induced CNV mouse model (see section 3.5.2) suggesting 

that results observed in the CNV mouse model could be translated to the human disease. 

 

Figure 3.28. Cx43 and GFAP labelling of human AMD donor tissue. Human retinal tissue from donors with 
confirmed AMD diagnosis were sectioned and labelled for Cx43 (green) (a, e, i, m), GFAP (red) (b, f, j, n) and 
nuclei were stained with DAPI (blue) (c, g, k, o). Merged images (d, h, l, p) indicate the location of the inner 
limiting membrane (ILM), nerve fibre layer (NFL), ganglion cell layer (GCL), inner nuclear layer (INL), outer 
nuclear layer (ONL), retinal pigment epithelium (RPE) and choroid. Yellow boxes indicate zoomed images from 
the inner retina while purple boxes indicate zoomed in regions of the outer retina. Zoomed areas of interest of 
the outer retina from elsewhere in the section are shown in images m-p. a-d; scale bar: 100 µm, e-p; scale bar: 
50 µm. 
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3.6.2. Syndecan-4 labelling of human AMD donor tissue 

Human retinal tissues from donors with confirmed diagnosed AMD were also labelled for Syndecan-4 to 

highlight cells that could potentially take up XG19 in this disease. GFAP was also labelled to identify areas of 

inflammation. Sections were orientated with the ILM at the top and the ONL at the bottom (Figure 3.29a-d). 

The choroid and RPE were excluded in these images due to separation caused during tissue preparation. GFAP 

labelling was observed from the ILM to the INL with Syndecan-4 labelling present around a large blood vessel in 

the NFL. Closer observation of the vessel in the NFL (Figure 3.29e-h) revealed strong Syndecan-4 labelling in 

endothelial cells of the blood vessel with strong GFAP labelling in the surrounding tissue which was indicative 

of inflammation370,371. This would be a prime area for XG19 uptake and Cx43 HC block to reduce inflammation. 

It appeared that the ILM was poorly preserved above this blood vessel as Syndecan-4 and GFAP labelling was 

low in this region which could potentially be due to the breakdown of tissue surrounding the blood vessel. 

Observation of an area with well-preserved ILM (Figure 3.29i-l) revealed strong Syndecan-4 and GFAP labelling 

in the ILM occupied by Müller cell end feet377,378. The ILM has been proposed as a target for retinal drug 

delivery as Müller cells in this region are naturally phagocytosing cells and have the potential to transport drug 

molecules from the ILM to the outer retina359,378. Therefore, the observation of Syndecan-4 in the ILM increases 

the potential of XG19 for targeted drug delivery to the retina. A small blood vessel in the NFL showing strong 

Syndecan-4 and GFAP labelling, appeared to have clustered nuclei, which could indicate unregulated blood 

vessel formation which occurs due to VEGF overexpression375. Therefore, it is possible that this region is 

hypoxic or introducing inflammatory mediators to the tissue due to vascular permeability, resulting in the 

higher Syndecan-4 and GFAP labelling seen in this area. RPE and choroidal blood vessels (Figure 3.29m-p) 

showed strong Syndecan-4 labelling with some autofluoresence in the GFAP channel due to the pigment 

granules of the RPE (Figure 3.29)373,374. The large blood vessel appeared to push up into the RPE layer consistent 

with AMD pathology286,379. Since the RPE and choroid are the tissues most involved in AMD pathology, the 

higher expression of Syndecan-4 in these tissues will allow targeted delivery of XG19 preferentially to diseased 

retinal tissue potentially improving the therapeutic efficacy and reducing any potential side effects. Once again 

labelling of Syndecan-4 and GFAP in human AMD tissues was consistent with what was observed in saline 

injected mice in the laser induced CNV mouse model (see section 3.5.2) highlighting the translatability of the 

results observed in the mouse model to the human condition. Therefore, XG19 treatment of human 

neovascular AMD could potentially reduce retinal inflammation and promote tissue repair as was seen in the 

mouse model.   
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Figure 3.29. Syndecan-4 and GFAP labelling of human AMD donor tissue. Human retinal tissue from donors 
with confirmed AMD was sectioned and labelled for Syndecan-4 (green) (a, e, i, m), GFAP (red) (b, f, j, n) and 
nuclei were stained with DAPI (blue) (c, g, k, o). Merged images (d, h, l, p) indicate the location of the inner 
limiting membrane (ILM), nerve fibre layer (NFL), ganglion cell layer (GCL), inner nuclear layer (INL), outer 
nuclear layer (ONL), retinal pigment epithelium (RPE) and choroid. Yellow boxes indicate zoomed images from 
the inner retina. Zoomed areas of interest of the inner and outer retina from elsewhere in the section are 
shown in images i-l and m-p, respectively. a-d; scale bar: 100 µm, e-p; scale bar: 50 µm. 

3.6.3. Normal and DR human donor tissue 

DR is a chronic inflammatory disease of the eye which develops due to vascular disruptions in the retina282,380. 

Vascular abnormalities result in poor tissue perfusion and ischaemia, leading to overexpression of VEGF, 

neovascularisation, vascular permeability and the expression of proinflammatory factors such as TNF-α, IL-6, 

and IL-1β contributing to the progression of the disease282,365,381. It has recently been shown that Cx43 levels 

are elevated in retinal tissues of DR patients as well as in mouse models of DR, especially surrounding large 
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blood vessels and in areas of inflammation indicated by GFAP labelling179,282,365. Thus, like in neovascular AMD, 

uncontrolled Cx43 HC opening plays a crucial role in inflammation and vascular permeability in DR162,282. Human 

retinal sections of donors with confirmed DR diagnosis were therefore labelled for Syndecan-4 and GFAP to 

identify areas of injury and thus potential sites for XG19 uptake to block Cx43 HC activity in those areas. The 

labelling was compared to healthy donor tissue. Retinal tissues were acquired using a biopsy punch which 

excluded the RPE, choroid and sclera. Sections were taken from both the macular and paramacular regions of 

the eye (Figure 3.30). In both regions there was increased Syndecan-4 labelling throughout the tissue in DR 

compared to normal retinas indicating tissue inflammation. This was further confirmed by GFAP labelling in the 

GCL, extending into the INL, which was elevated in both regions in DR compared to normal tissue. Elevated 

GFAP labelling has previously been shown in the GCL surrounding large blood vessels and areas of 

inflammation in human DR donor tissues282. In the paramacular region there was high Syndecan-4 labelling in 

retinal blood vessels and the immediate surrounding area. This is likely an area of unregulated blood vessel 

growth, causing inflammation in the surrounding tissue due to vascular permeability. Blood vessel growth in DR 

is poorly regulated and results in the formation of leaky blood vessels making the tissue ischaemic and 

hypoxic381. The increased Syndecan-4 expression seen at these sites was indicative of hypoxia. Therefore, it is 

proposed that upregulated Syndecan-4 in these tissues can be targeted by XG19 in order to reduce 

inflammation and restore the vascular integrity by blocking Cx43 HC opening. An interesting result was the 

observation of Syndecan-4 labelling in the ILM which also had high GFAP labelling indicative of Müller cells 

activation (Figure 3.30). This was of interest as noted earlier because the ILM can often act as a barrier to 

efficient drug delivery. However, it has been proposed that targeting of activated Müller cells at this site has 

the potential to improve drug delivery by transporting drug molecules from the ILM to the outer retina359. 

Higher Syndecan-4 labelling and thus uptake into Müller cell end feet at the ILM could therefore provide an 

advantage for XG19 delivery. As was seen with human AMD donor tissue (see section 3.6.2), Syndecan-4 and 

GFAP labelling was increased in the ILM, GCL and surrounding large or poorly formed blood vessels. AMD donor 

tissues also showed increased Cx43 expression in these regions (see section 3.6.1) which was consistent with 

previous reports of Cx43 in human DR tissues282. Therefore, there is potential for XG19 to target Syndecan-4 

expressing cells in these diseased tissues to block Cx43 HC opening, reduce retinal inflammation and address 

the vascular breakdown in these diseases as shown with XG19 treatment in the laser induced CNV mouse 

model (see section 3.5) as well as in other ocular disease models investigating Cx43 HC 

blockers88,91,162,177,182,210,359.  
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Figure 3.30. Syndecan-4 and GFAP expression in normal human retinal tissues compared to DR. Ocular 
sections of the macular (a-h) and paramacular regions (i-p) from human donor tissues with diagnosed DR and 
normal control tissues were labelled for Syndecan-4 (green) (a, e, i, m), GFAP (red) (b, f, j, n) and nuclei were 
counter stained with DAPI (blue) (c, g, k, o). Merged images (d, h, l, p) indicate the location of the inner limiting 
membrane (ILM), ganglion cell layer (GCL), inner nuclear layer (INL) and outer nuclear layer (ONL). Scale bar: 
100 µm. 

3.7. Potential therapeutic targets for XG19 therapy in cancer 

Cancers and tumour progression have long been associated with Cx43 expression and modulation of the 

tumour microenvironment with Cx43 targeted therapeutics suggested to reduce the tumour size or improve 

anti-cancer therapies in a number of cancer models129,194,312,382-385. The hypoxic and inflammatory tumour 

environment as a result of vascular breakdown and leak can be attributed to a similar Cx43 HC opening 

mechanism seen in DR and neovascular AMD129,162,179,312. The identification of increased Syndecan-4 expression 

and XG19 uptake under hypoxic and inflammatory injury conditions (see section 3.3) coupled with improved 

cell survival by blocking Cx43 HC opening (see section 3.4) as well as retinal healing seen in the in vivo mouse 

model (see section 3.5.2) and identification of XG19 targets in the retina of human AMD and DR donor tissues 
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(see section 3.6) lead to the investigation of Syndecan-4 expression in cancer tissues as a potential future 

target for XG19 therapy.     

3.7.1. Syndecan-4 expression in hypoxic tumours 

Hypoxic tumours have been a long standing challenge for anti-cancer therapies due to the hypoxic 

microenvironment resulting from vascular breakdown and disorganised blood supply386,387. The presence of 

oxygen is required to sensitise cells to ionizing radiation; however, hypoxic tumours show resistance to ionizing 

radiation due to poor perfusion388. Tumour growth due to accelerated proliferation of tumour cells results in 

abnormal vascularisation and poor blood flow as the tumour outgrows the blood supply. This reduces oxygen 

diffusion within the tumour resulting in regions of hypoxia386,389. The lack of oxygen in hypoxic tumours thus 

renders radiotherapy ineffective while the diminished blood supply reduces transport of chemotherapies to the 

target site388. Due to the unregulated blood vessel growth, vascular normalisation has been proposed as a 

means to improve cancer therapies390-392. Cx43 is highly expressed in hypoxic tumours and in the tumour 

vasculature with Cx43 HC opening contributing to vascular leak129,393. Therefore, Cx43 HC block by XG19 has the 

potential to repair tumour vasculature and thus allow for efficient transport of chemotherapeutics into the 

target tumours.  

Human A431 (epidermal carcinoma) and SKOV3 (ovarian carcinoma) tumour xenografts have been frequently 

used to study hypoxic tumours394-396. These tumours were sectioned and labelled for Syndecan-4 to identify if 

these hypoxic tumours were a potential target for XG19 treatment. As shown in Figure 3.31, Syndecan-4 

expression, which has previously been reported in in vitro cultures, was seen throughout the tumour tissue in 

both A431 and SKOV3 tumours397,398. Syndecan-4 was elevated in the central regions of the tumours which 

appeared in distinct cell clusters. Given that this is a tumour hypoxia model it is likely that Syndecan-4 

expression at these sites indicates hypoxic regions of the tumour tissue as hypoxia is known to cause 

upregulation of Syndecan-4399. The circular appearance of Syndecan-4 labelling and the lack of labelling in the 

central regions suggested that these were likely blood vessels surrounded by necrotic tissue394. A431 tumours 

have previously been shown to express immature blood vessels as a result of unregulated angiogenesis 

resulting in low perfusion and regions of hypoxia, further suggesting, that areas of high Syndecan-4 labelling 

were hypoxic394. 
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Figure 3.31. Syndecan-4 expression in subcutaneous human A431 and SKOV3 tumours. A431 (a-c) and SKOV3 
tumour sections (d-f) were labelled for Syndecan-4 (green) (a, d) and nuclei were counterstained with DAPI 
(blue) (b, e). The merged image is shown in the right panel (c, f). Scale bar: 100 µm.  

3.7.2. Syndecan-4 expression in glioblastoma and brain tissue 

A glioblastoma is a malignant tumour arising from a primary glioma, which is a type of tumour that occurs in 

the brain400,401. Cx43 is an abundant protein in the brain and has long been associated with the spread and 

growth of tumours due to the complex role played by gap junctions and HC in the inflammatory tumour 

microenvironment382. Treatment of glioblastoma is addressed by a regime of surgery, ionizing radiation and 

chemotherapy with temozolomide (TMZ); however, due to the isolated location and invasiveness of the 

tumour this treatment regimen has a poor prognosis383,402. Disruption of BBB permeability due to 

neuroinflammation and neuronal damage has been well documented213,403,404. Loss of gap junction function in 

the BBB during neuroinflammation has been shown to contribute to vascular permeability, while inhibition of 

Cx43 HC activity using the extracellularly acting mimetic peptide Gap27 has been shown to prevent vascular 

disruption of the BBB213,404. Therefore, it is possible that XG19 is able to close BBB HC while maintaining open 

gap junctions to return vascular normality thus improving chemotherapy delivery and efficacy. The Cx43 

mimetic peptide ACT1 has previously been shown to sensitize glioblastoma cells to TMZ chemotherapy383. Once 

again, while ACT1 function is attributed to relocalisation of HC via ZO-1 interactions, it is likely that interference 

with CT-CL interactions could block HC opening like with Gap19405,406. The cellular entry of ACT1 is facilitated by 

a cell penetrating antennapedia peptide406. The antennapedia peptide, uptake occurs via macropinocytosis and 

like TAT is highly nonspecific, reducing the therapeutic efficacy of the cargo molecule due to inefficient delivery 

to the affected tissue, while Xentry only enters Syndecan-4 expressing cells230,257,258,407. Therefore, the 
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expression of Syndecan-4 was investigated in the tumour and in the surrounding brain tissue to identify the 

potential of XG19 to enter tumour tissues or the surrounding vasculature, to block HC opening and potentially 

improve chemotherapies such as TMZ. 

As shown in Figure 3.32, the tumour tissue expressed high amounts of Syndecan-4. There was also high 

Syndecan-4 labelling at the interface where the tumour met the brain tissue (dotted white line). Interestingly 

the brain tissue itself expressed relatively low levels of Syndecan-4 compared to the tumour tissue. There were 

however distinct groups of cells in the brain tissue (white arrow heads) which had elevated Syndecan-4 

expression similar to what was seen at the tumour-brain interface. This suggested that the distinct group of 

cells with elevated Syndecan-4 in the brain tissue was an extension of the tumour. A similar trend has 

previously been shown with Cx43 expression being higher in the glioblastoma compared to normal brain tissue 

with overexpression of Cx43 in glioblastoma increased TMZ resistance408,409. The increased Cx43 expression was 

an indicator of increased Cx43 HC opening which is likely to play a role in TMZ resistance. It has been proposed 

that this occurs via Cx43 activation of protein kinase B, a mechanistic target of rapamycin (AKT/mTOR) 

signalling pathway thus suppressing cell death and modulation of Cx43 HC activity attenuates this response 

thus improving TMZ chemotherapy383. The high Syndecan-4 labelling of these cells coincided with high GFAP 

labelling of surrounding astrocytes, which suggested inflammation at these sites. GFAP labelling was also high 

at the tumour-brain interface. The tumour tissue itself did not express GFAP which suggested that the tumour 

had outgrown the brain tissue in this area resulting in the death of astrocytes therefore lacking GFAP 

expression.     

Upon observation of the vasculature at the edge of the tumour shown in Figure 3.33, it was observed that 

tumour blood vessels (white dotted circle) expressed elevated Syndecan-4 and GFAP levels compared to 

normal brain tissue. The blood vessel in the normal brain tissue exhibited normal elongated nuclei (white arrow 

head) whereas the blood vessel in the tumour contained many nuclei in close proximity suggesting unregulated 

rapid proliferation which is an indication of poor blood vessel formation375. In the tumour, blood vessel and 

surrounding tissue showed elevated GFAP and Syndecan-4 labelling suggesting high levels of inflammation in 

this area. This also highlighted that the tumour had not yet completely infiltrated this area of the brain with 

high Syndecan-4 expression preceding the loss of astrocytes during tumour invasion. Most importantly it 

confirmed that Syndecan-4 is present in blood vessels of the brain and is highly expressed during injury. 

Therefore, XG19 could potentially be delivered to the brain and target the brain vasculature. Moreover, XG19 

could potentially shut down HC opening therefore preserving the vasculature and improving the delivery of 

chemotherapies to the target site. The difference in expression of Syndecan-4 seen in the tumour versus the 

normal brain tissue suggested that there will be preferential entry of XG19 into the tumour rather than into 

healthy brain tissue, therefore improving efficacy and reducing the chance of any potential side effects. 

Furthermore, this preferential entry has the potential to improve the efficacy and sensitization of TMZ 

chemotherapy by inhibiting Cx43 HC function as has been shown with the ACT1 peptide383. The targeting of 
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XG19 to sites of hypoxia and inflammation to prevent HC opening and vascular breakdown can likely be applied 

to a range of diseases where vascular damage results in cell death129,162,179,181,189,311,312,328. 

 

Figure 3.32. Syndecan-4 and GFAP expression in a mouse glioma model. Brain tissue from a mouse glioma 
model was labelled for Syndecan-4 (green) (a) and GFAP (red) (b) while nuclei were stained with DAPI (blue) 
(c). The merged image shows the overlap of Syndean-4, GFAP and DAPI (d). The dotted white line demarks the 
interface between the tumour and brain tissue. The white arrow heads indicate where the tumour tissue has 
infiltrated the brain tissue. Scale bar: 50 µm. 
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Figure 3.33. Syndecan-4 and GFAP expression in normal brain and tumour tissue. Normal brain tissue (a-d) 
and tumour tissue (e-h) were labelled for Syndecan-4 (green) (a, e) and GFAP (red) (b, f) while nuclei were 
stained with DAPI (blue) (c, g). The dotted circle in the merged images (d, h) indicates the location of the blood 
vessel in the tissue. The arrow heads indicate the location of the blood vessel nuclei. Scale bar: 50 µm. 
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4.1. General discussion 

AMD is the leading cause of irreversible vision loss in the ageing population of the developed world, accounting 

for 8.7% of worldwide blindness17,18,20. The neovascular form of AMD is characterised by CNV in the macula and 

disruption of the BRB, resulting in the loss of sharp central vision24,25. Neovascular AMD is most commonly 

treated with frequent anti-VEGF injections often monthly or bimonthly, directly into the eye26,102. This 

treatment regimen is expensive but more importantly has shown to have poor long term visual outcomes119,124. 

This is likely due to the fact that anti-VEGF agents effectively target leaking vessels, a late stage sign of the 

disease, but are unable to address the underlying vascular and inflammatory components. Chronic 

inflammation and ischaemia are key components of the neovascular AMD pathology with the gap junction 

protein Cx43 highly expressed under these conditions resulting in the formation of a large number of undocked 

HC30,53,54,172,177. Furthermore, these HC have an increased open probability, with open HC coupled with ionic and 

osmotic cellular imbalances resulting in cell death179-181,410-412. In addition, uncontrolled HC opening has been 

associated with enhanced “activation of p38 mitogen-activated protein kinases, inducible NO synthase, COX2, 

prostaglandin E2 receptor EP1, and purinergic (P2X7/P2Y1) receptors” resulting in vascular leak413. In particular, 

uncontrolled pathological HC opening results in ATP release triggering inflammasome assembly179. Whilst ATP 

may also be released via pannexin channels, membrane channels which are carboxylated and do not typically 

form cell-to-cell junctions, these appear to be tightly regulated. For example, they may release ATP for 

signalling purposes, but are themselves regulated (closed) by extracellular ATP414. In contrast, Cx43 HC have 

been reported to form a “pathological pore” releasing ATP in significant amounts, triggering the activation of 

the inflammasome complex and the inflammatory cascade resulting in eventual cell death162,179,183,189,311.  

The inflammasome pathway is a major innate immune system pathway associated with multiple chronic 

inflammatory diseases including Parkinson’s, Alzheimer’s, heart disease, arthritis, gout, multiple sclerosis, type 

II diabetes, traumatic brain injury and cancer311,415-422. The pathway itself is complex with multiple factors 

triggering inflammasome activation and resulting in the release of a range of inflammatory cytokines including 

IL-1β, TNFα, IL-18 and IL-6 (for reviews see423-426). VEGF release also results from inflammasome activation, and 

as discussed earlier, it is little surprise that the inflammasome pathway is implicated in AMD178,179,427,428. Current 

approaches aimed at regulating inflammasome pathway outcomes (such as Ilaris (canakinumab) and 

gevokizumab from Novartis and Arcalyst (rilonacept) from Regeneron) target IL-1β (just one of the multiple 

cytokines activated via the inflammasome pathway)429,430. Novartis is also developing an NLRP3 inhibitor (the 

lead product is the diarylsulfonylurea-containing compound MCC950)431. However, targeting individual 

pathway components, or individual cytokines released as a result of pathway activation, will be difficult while 

identification of a regulatory master switch higher in the pathway would be more effective. The recent 

demonstration that ATP release via HC may be a vital step in inflammasome complex assembly, as well as 

perpetuation of the inflammatory pathway, is significant179. Regulating uncontrolled pathological Cx43 HC 

opening in diseases such as AMD may thus offer a way forward. 
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In both in vitro and in vivo models where Cx43 HC opening has been blocked with Cx43 mimetic peptides, 

increased cell survival and improved tissue repair with reduced vessel leak, inflammation and oedema, as well 

as significantly greater neuronal survival, have been reported91,189,199,200,209,216. Observations of human retinas 

from donors with confirmed AMD, and animal models of ocular disease including AMD and DR, have revealed 

that Cx43 expression is upregulated in the RPE, choroid and sensory retina under these conditions90,137,282. 

Inhibition of Cx43 HC opening with Cx43 mimetic peptides reduced inflammation in these models and resulted 

in retention of vascular integrity and tissue recovery, ultimately leading to improved functional 

outcomes88,91,177,179,210,359,432. 

Extracellular loop Cx43 mimetic peptides are efficient HC blockers. However, high concentrations or prolonged 

periods of exposure can result in reduced gap junction communication which is essential for the maintenance 

of tissue homeostasis201,208,211. Furthermore, because the extracellular loop sequences of the different connexin 

isotypes are highly conserved, the function of other connexin isotypes could be affected by extracellular loop 

Cx43 mimetic peptides. In contrast, intracellular loop Cx43 mimetic peptides, modulating cytoplasmic CT-CL 

interactions, provide a way to specifically block Cx43 HC as they are targeted to intracellular regions of Cx43 

which are poorly conserved among connexin isotypes199. The intracellular loop Cx43 mimetic peptide, Gap19, 

specifically blocks Cx43 HC without affecting gap junction communication. Because HC and gap junction 

channel opening are inversely affected by CT-CL interactions, Gap19 causes gap junctions to remain in the open 

state while keeping HC in a closed state (see Figure 1.4)199,200. Whilst the cytoplasmic acting Gap19 peptide 

must enter the cell in order to function, its cell permeability is poor, requiring high concentrations to be applied 

to the extracellular milieu in order to observe functional effects200. Cellular uptake of Gap19 has previously 

been improved with the CPP TAT200. Although TAT-Gap19 has been efficacious in in vitro cell culture 

experiments, results have been varied in ex vivo and in vivo assays, potentially due to the non-specificity of TAT 

reducing the efficacy in target cells200,206,265. The non-specificity of TAT is also likely to be a major impediment 

for systemic delivery. Xentry is a cell penetrating peptide which is taken up specifically into Syndecan-4 

expressing cells257. As Syndecan-4 is not expressed on non-adherent erythrocytes or circulating monocytes, 

Xentry will not be sequestered by the circulation when delivered systemically257. The expression of Syndecan-4 

has been observed in RPE cells which contribute to the BRB as well as endothelial cells in blood vessels273,292. 

This would appear to make Xentry an ideal CPP for the delivery of Gap19 as a novel therapeutic for neovascular 

AMD. Therefore, the overall hypothesis of this thesis was that the fusion peptide Xentry-Gap19 (XG19) which 

combines the CPP Xentry with the specific Cx43 HC blocker Gap19 is delivered specifically to injured cells in 

neovascular AMD to restore vascular normality and repair the BRB without affecting healthy cells. 

The first aim of the thesis was to investigate the cellular uptake of XG19 into normal and injured cells. This 

was carried out in cultured hRMEC and ARPE-19 cells, representative of in vivo retinal endothelial and RPE cells 

respectively, with XG19 uptake compared to native Gap19287-289. XG19 uptake was greater than that of native 

Gap19 in both cell types, confirming that Xentry improved the uptake of Gap19 into cultured cells. The higher 
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uptake of XG19 in ARPE-19 cells compared to hRMEC was due to higher Syndecan-4 expression levels in the 

former, which was exploited by Xentry to enter the cells. Cx43 expression levels were also higher in ARPE-19 

cells compared to hRMEC, while ARPE-19 also had a more regular, cuboidal packing arrangement. The high 

expression of Syndecan-4 and Cx43 in ARPE-19 cells highlighted the importance of RPE cells in the retina as 

these proteins play important roles in cell binding, cell signalling and communication to meet the metabolic 

demands of the retina4,273. Therefore, due to the abundance of Syndecan-4 and Cx43, ARPE-19 cells were 

selected for the assessment of Cx43 HC block post XG19 uptake. TAT-Gap19 uptake into ARPE-19 cells 

appeared more efficient in comparison to XG19; however, the majority of Gap19 was transported to the 

nucleus. As Gap19 needs to be located in the cytoplasm in order to act upon open Cx43 HC present in the cell 

membrane, nuclear uptake of Gap19 is likely to lower its efficacy. The relatively high TAT-Gap19 uptake further 

highlighted the multiple uptake mechanisms utilized by TAT to gain entry into cells, emphasizing its non-

specificity which results in unrestrained uptake into multiple cell types when used in vivo, whereas Xentry only 

enters Syndecan-4 expressing cells, rendering it a more efficient peptide for targeted drug delivery257,301-303. 

Exposing cultured cells to hypoxia or HI resulted in Syndecan-4 upregulation. This was consistent with previous 

literature showing that Syndecan-4 expression increases during injury conditions in order to initiate cell 

signalling and cell binding mechanisms as a protective response to promote repair mechanisms270. The 

increased Syndecan-4 expression during injury conditions improved the XG19 uptake into cultured cells, while 

no improvement was observed for native Gap19, confirming that the improved XG19 uptake was Xentry 

mediated. Overall, these experiments suggested that XG19 has the potential to be used for targeted delivery to 

diseased cells. 

The second aim was to investigate XG19 function as a Cx43 HC blocker post cellular uptake. The block of Cx43 

HC opening was assessed by observing the inhibition of EthD-1 entry into cells as well as ATP release from cells 

following XG19 uptake. XG19 was able to significantly inhibit EthD-1 entry into cells compared to untreated 

cells. XG19 was also able to significantly inhibit ATP release compared to untreated cells indicating that is was 

efficiently blocking Cx43 HC opening. These two assays thus confirmed that XG19 was functional and 

bioavailable following cell uptake to block Cx43 HC opening while cell-to-cell coupling assays revealed that 

XG19 did not interfere with gap junction communication. Therefore, whilst XG19 blocked Cx43 HC, gap junction 

function required for normal cell-to-cell communication was unaffected as has been reported for native Gap19 

peptide199,200. This is an advantage over extracellular loop peptides which can inhibit gap junction 

communication at high doses or when applied for prolonged periods of exposure, which is potentially 

detrimental to the cells201,211. ATP release from Peptide5 compared to XG19 treated cells revealed a similar 

level of inhibition of Cx43 HC opening. This was an interesting finding as Peptide5 is an extracellularly acting 

peptide and is therefore expected to have an immediate onset in action, whereas XG19 must enter the cell and 

escape the endosome before HC block can be initiated200,209. However, uptake and endosomal escape seem to 

be extremely rapid processed as XG19 acted on Cx43 HC quickly. During HI and hypoxic injury, XG19 

significantly inhibited ATP release indicating block of Cx43 HC. Furthermore, XG19 significantly improved cell 
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viability during hypoxic injury. It is therefore reasonable to assume that XG19 could improve cell survival 

following injury or hypoxia in vivo by blocking Cx43 HC opening. 

The third aim was to evaluate the therapeutic efficacy of XG19 in a CNV mouse model. This was carried out in 

a well-established mouse model of laser induced CNV77. Although mice lack a macula, the model accurately 

recreates the pathology and progression of CNV which occurs in human neovascular AMD67,75. The laser injury 

was created in the mouse retina, disrupting the BRB, and CNV lesion progression was monitored by fundus 

imaging and OCT on days 0, 1 and 7 post-lasering. In fundus measurements, XG19 treatment did not result in a 

statistically significant decrease in lesion size when compared to saline injected controls. However, there was a 

trend, with the higher XG19 dose correlating inversely with a reduced lesion size, suggesting that XG19 reduces 

the spread of injury. On the other hand, quantification of CNV volume measurements revealed that XG19 

treatment significantly reduced CNV lesion volume. Here, the low dose treatment appeared to be more 

efficacious than the high dose, suggesting that the maximal effect at the site of injury was already achieved 

with the low dose. However, OCT measurements did not take the healing in the surrounding tissue beyond the 

injury site into account as in fundus measurements. Overall, CNV lesion volume measurement was indicative of 

blood vessel growth, thickening of the RPE-choroid complex and inflammation, which was reduced with XG19 

treatment78. Immunohistochemistry of post-mortem tissues for Cx43, Syndecan-4 and GFAP as markers of 

inflammation showed strong labelling in retinas of saline injected mice, which was significantly reduced in 

XG19 treated animals. Furthermore, high dose XG19 treatment resulted in even lower levels of inflammatory 

markers in correlation with lesion spread measurements. Therefore, while the low XG19 dose seemed 

sufficient to reduce CNV lesion volume in the outer retina, the high XG19 dose could reduce retinal 

inflammation and injury spread to surrounding tissues. As observed previously in in vitro assays, Syndecan-4 

expression was increased in saline injected mice exhibiting hypoxic and inflammatory injury in these retinas 

while Syndecan-4 expression was reduced in XG19 treated animals suggesting reduced injury. Reduced Cx43 

and GFAP labelling following treatment with Peptide5 has previously been shown in rat ocular models of DR 

and dry AMD due to a reduction in inflammation by blocking Cx43 HC88,91,177,210,359. Thus, it was concluded that 

XG19 block of Cx43 HC in treated mice reduced retinal inflammation leading to lower levels of inflammatory 

markers. These results indicate that XG19 has the potential to promote healing, repair vasculature and reduce 

inflammation during CNV in neovascular AMD. 

The final aim was to identify XG19 uptake targets in human disease. Observation of human donor tissues with 

diagnosed AMD revealed that Cx43, Syndecan-4 and GFAP were highly expressed in the human disease, in a 

similar manner to that seen in the mouse model of laser induced CNV. Large blood vessels in the inner retina 

and choroid showed strong Syndecan-4 labelling which suggested that these tissues were injured, likely due to 

hypoxia and/or inflammation and the presence of inflammatory cytokines370,371,379. This was confirmed by 

labelling of GFAP in the inner retina which is a marker of astrocyte and Müller cell activation in injury 

conditions370,371. Moreover, strong Cx43 labelling in the same areas revealed the potential for uncontrolled 
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pathological HC opening during injury conditions137. While the Cx43 antibody does not distinguish HC from gap 

junctions, co-labelling with GFAP suggested that a large number of HC were present210. Strong GFAP labelling of 

the ILM was consistent with previous reports of Müller cell end feet in this layer378. Müller cells are known for 

their ability to phagocytose molecules from the vitreous and deliver them to the inner retina4. As a result, 

Müller cells have become a target for ocular drug delivery in recent years as potential mediators for drug 

transport to the inner retina377,378. Since the ILM showed strong Syndecan-4 labelling, it may act as a potential 

administration target and pathway for the delivery of XG19 to the inner retina. Therefore, XG19 is a promising 

peptide therapeutic for neovascular AMD due to its preferential uptake into high Syndecan-4 expressing 

diseased cells, which also express elevated levels of Cx43. Tissues from human patients with diagnosed DR 

were also labelled for Syndecan-4 to investigate whether XG19 could be used for targeted treatment of other 

ocular inflammatory diseases. High Syndecan-4 and GFAP expression was found around poorly formed blood 

vessels in both macular and paramacular regions. Furthermore, the preserved ILM in the macular region 

showed elevated Syndecan-4 and GFAP labelling as observed in AMD donor tissues. This suggests that XG19 

also has the potential to be used as a therapeutic for DR in order to reduce inflammation and vascular 

dysfunction prevalent in the disease282,380. 

Human cancers have long been associated with Cx43 due to vascular breakdown, inflammation and 

hypoxia129,382. The same pathological factors are prevalent in AMD and DR tissues which revealed high 

Syndecan-4 labelling. Therefore, the expression of Syndecan-4 was also investigated in cancer tissues in order 

to apply the relevance of this AMD focused study to a wider context. The aim was to identify whether XG19 

could potentially be a therapeutic in inflammatory diseases beyond the eye, by preferential entry into 

Syndecan-4 expressing cells in these diseases. Vascular breakdown and hypoxia have long been a challenge for 

effective cancer treatment, as ionizing radiation therapy is ineffective in hypoxic tumours due to the reduced 

presence of oxygen, while delivery of chemotherapies to hypoxic tumours is reduced due to poor tumour 

perfusion387,388,402. Therefore, vascular normalisation has been proposed as a means to improve cancer 

therapies390,391. Observation of a human glioma grown in the mouse brain revealed high Syndecan-4 labelling at 

the tumour-brain interface as well as within the tumour itself. The brain tissue showed areas of inflammation 

as indicated by GFAP labelling of activated brain astrocytes which were highly associated with areas of 

Syndecan-4 labelling of the infiltrating tumour. Close observation of the brain vasculature revealed strong 

Syndecan-4 labelling of blood vessels within tumour regions. Treatment with the ACT1 peptide has been shown 

to sensitise glioblastoma cells to TMZ therapy383. ACT1 is derived from the CT region of Cx43 and while it has 

been described as a HC trafficking protein due to interactions with ZO-1, it is likely to inhibit CT-CL interactions 

similar to XG19 and thus inhibit HC opening189. Therefore, XG19 has the potential to reduce HC opening to 

promote repair of the tumour vasculature as well as reduce HC opening in the tumour itself in order to improve 

the delivery and efficacy of TMZ and other chemotherapies in cancer therapy. 

 

93 
 



 Chapter 4: General discussion, future direction and final discussion 
4.2. Future directions 

Based on the above results, future studies could aim to: 

 Evaluate the efficacy of TAT-Gap19 in in vitro and in vivo assays 

TAT-Gap19 uptake was shown to be higher compared to XG19 uptake. However, preferential nuclear 

localisation was also observed with TAT-Gap19 which suggested that there could be an overall diminished 

efficacy. To extend the comparison, future studies could compare the block of Cx43 HC with TAT-Gap19 and 

XG19 by assessing EthD-1 uptake and ATP release as TAT-Gap19 has previously been shown to function in these 

in vitro assays199,300. However, as the efficacy of TAT-Gap19 has shown mixed results in in vivo and ex vivo 

studies, often requiring the therapeutic dose to be increased in order to observe an effect, it would also be of 

interest to directly compare the efficacy of TAT-Gap19 to XG19 in the laser induced CNV mouse model to 

confirm whether Xentry really has an in vivo advantage over TAT in delivering Gap19, as implied by the in vitro 

studies206,265,300.  

 Improve the assessment of XG19 therapeutic efficacy in the laser induced CNV mouse model 

There are a number of additional improvements that could be made in order to better understand the 

therapeutic efficacy of XG19 in the laser induced CNV model. It was noted that observation of lesion area 

measurements made from fundus images showed a trend of decreasing lesion area with increasing XG19 dose 

from day 1 to 7, although this result was not statistically significant. To better observe the therapeutic efficacy 

of XG19, lesion areas could also be assessed on day 5 as lesion size in fundus images has previously been 

proposed to be largest at this time point although a mature CNV lesion is not formed until day 779. This time 

point was not investigated here as there was very poor description (in terms of land-marks in OCT) of lesion 

progression at this time point and therefore ocular assessments were only conducted on days 0, 1 and 7 post 

laser-injury. However, observation of day 5 measurements might reveal greater differences in lesion size and 

spread of injury between XG19 treated and untreated mice.   

Measurement of CNV lesion volume showed that low dose XG19 resulted in smaller lesion volumes compared 

to high dose XG19 and saline injected mice. This suggested that the maximal effect at the site of injury may 

already be achieved by low dose XG19. However, lesion spread and inflammation of the inner retina was 

further reduced with high dose XG19 treatment. As XG19 is an unmodified peptide delivered via intraperitoneal 

injection, it could be subject to degradation as unmodified peptides are known to have a short half-life in 

serum. Therefore, additional injections of low dose XG19 may further reduce retinal inflammation and injury 

spread seen with the high dose XG19 while maintaining a low concentration in the animal overall. The dosing 

schedule of low dose XG19 could therefore be increased to two or three injections during the seven day period 

to observe if multiple administrations of XG19 (a crude form of sustained delivery) improve the therapeutic 
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efficacy. In addition, dose-response measurements could also be conducted in order to determine the optimal 

therapeutic dose of XG19. 

While fundus imaging, OCT measurement and post-mortem tissue labelling provide valuable information about 

lesion growth and injury in the surrounding tissues, they do not offer any information on the visual outcome 

following XG19 treatment. Assessments of inner and outer retinal function by an electroretinogram (ERG) or 

optokinetic reflex (OKR) measurements to track eye movement in response to a visual stimulus may provide 

further information about the therapeutic efficacy of XG19 beyond anatomical and biochemical 

measurements88,433. These functional assessments could provide additional information about the potential of 

XG19 in improving visual outcomes, which could be applicable to the human disease. 

Since intravitreal injections are widely accepted and approved for neovascular AMD treatment, intravitreal 

delivery of XG19 could be investigated in the laser induced CNV mouse model. This could then be compared to 

currently marketed anti-VEGF agents (e.g. ranibizumab and bevacizumab) to assess any benefits of XG19 over 

the existing therapies thus improving its relevance as a therapeutic for neovascular AMD. It should be noted, 

however, that the vitreal space in mice is extremely small, thus intravitreal injections in that species may 

themselves have adverse effects. Therefore, larger CNV animal models may need to be explored.  To support 

clinical translation, combination therapy of XG19 with an anti-VEGF agent should also be explored in in vitro 

and in vivo studies to observe the potential benefits of knocking back blood vessel growth while simultaneously 

repairing leaky blood vessels and reducing inflammation.  Finally, oligoarginine CPP have previously been 

shown to effectively deliver ranibizumab and bevacizumab to the back of the eye via topical administration 

which was as efficacious as intravitreal administration in an in vivo mouse model of CNV 434. Therefore, topical 

administration of XG19 in the form of an eye drop in combination with anti-VEGF agents should also be 

explored to minimize complications associated with intravitreal injections. 

 Investigate XG19 efficacy in non-ocular disease models 

The identification of increased Syndecan-4 expression during hypoxia and HI conditions in in vitro assays as well 

as in tissues from other inflammatory disease models was very promising. Gap19 has previously been tested in 

cardiovascular disease, CNS injury and liver disease199,200,300. It would be worthwhile investigating the 

expression of Syndecan-4 in these disease models to identify the potential of XG19 to block Cx43 HC opening as 

a potential therapy for a much wider gamut of indications than the topic of this thesis. 

4.3. Final conclusion 

The results of this thesis have shown that XG19, which encompasses the cell penetrating peptide Xentry and 

the intracellular loop Cx43 mimetic peptide Gap19, efficiently entered cells in culture, especially under injury 

conditions which also increased Syndecan-4 levels. XG19 very efficiently inhibited Cx43 HC opening at very low 

concentrations, while not affecting gap junction communication, and improved cell survival following injury. 
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XG19 was also able to reduce retinal inflammation and promote healing in a laser induced mouse model of CNV 

indicating that XG19 could play an important role in the treatment of AMD.  

The studies outlined in this thesis have, therefore, successfully evaluated the fusion peptide XG19 as a novel 

Cx43 HC blocker for the treatment of neovascular AMD, the primary objective of this study, but have also 

indicated that XG19 may have much wider application in inflammatory and chronic diseases where Syndecan-4 

is commonly upregulated in parallel with uncontrolled pathological Cx43 HC opening. 
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Appendix I: Research Outputs 

Manuscripts in preparation 

• Coutinho FP, Acosta ML, Green CR, Rupenthal ID. Cell penetrating peptide for ocular drug delivery. 

(Review article)  

• Coutinho FP, Acosta ML, Green CR, Rupenthal ID. XG19, a novel cell penetrating connexin hemichannel 

modulating peptide for the treatment of ocular disease. (Research article, in vitro studies) 

• Coutinho FP, Acosta ML, Green CR, Rupenthal ID. XG19 reduces retinal inflammation in a mouse model 

of laser induced choroidal neovascularisation. (Research article, in vivo studies) 

Conference Abstracts 

• 2018: Coutinho FP, Acosta ML, Green CR, Rupenthal ID. XG19 reduces retinal inflammation in a mouse 

model of choroidal neovascularisation. (University of Auckland, HealtheX Conference, Auckland, New 

Zealand, September; oral) 

• 2018: Coutinho FP, Acosta ML, Green CR, Bould SJ, Squirrell DM, Rupenthal ID. The therapeutic 

potential of XG19 in a mouse model of choroidal neovascularization. (The Association for Research in 

Vision and Ophthalmology (ARVO) Annual Meeting, Honolulu, Hawaii, April; oral) 

• 2017: Coutinho FP, Acosta ML, Green CR, Rupenthal ID. XG19, an intracellularly acting connexin 

hemichannel modulating peptide in the treatment of ocular disease (University of Auckland, Exposure 

Conference, Auckland, New Zealand, October; oral) 

• 2017: Coutinho FP, Acosta ML, Green CR, Rupenthal ID. XG19, an intracellularly acting connexin 

hemichannel modulating peptide in the treatment of ocular disease (University of Auckland, HealtheX 

Conference, Auckland, New Zealand, September; oral) 

• 2017: Coutinho FP, Acosta ML, Green CR, Rupenthal ID. A cell penetrating construct for efficient 

delivery of an intracellularly acting connexin hemichannel modulating peptide in the treatment of 

ocular disease (International Gap Junction Conference, Glasgow, Scotland, July; poster) 

 

 

 

97 
 



 Appendices 
Published Conference Abstracts 

• 2018: Coutinho FP, Acosta ML, Green CR, Bould SJ, Squirrell DM, Rupenthal ID. The therapeutic 

potential of XG19 in a mouse model of choroidal neovascularization, Investigative Ophthalmology and 

Visual Science 59(9):3466 IF 3.388.  

Patents 

• 2018: Coutinho FP, Rupenthal ID and Green CR. Novel constructs and methods of treatment. New 

Zealand International Patent Application No. PCT/NZ2018/050059 (submitted 28th April 2018) 

• 2017: Coutinho FP, Rupenthal ID and Green CR. Novel constructs and methods of treatment. New 

Zealand Provisional Patent Application No. 731353 (submitted 28th April 2017) 

• 2017: Coutinho FP, Rupenthal ID and Green CR. Methods of treatment. New Zealand Provisional Patent 

Application No. 731364 (submitted 28th April 2017) 

Awards 

• 2018: Runner up, Falling Walls Lab New Zealand 

• 2018: The Royal Society of New Zealand, Te Apārangi, Travel Support Grant for Falling Walls Lab New 

Zealand 

• 2018: ARVO  International Travel Grant  

• 2017: Confocal Category Winner, Biomedical Imaging Research Unit (BIRU) Image Competition, 

University of Auckland 

• 2015: Buchanan Ocular Therapeutics Unit Doctoral Scholarship Recipient 
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