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Abstract 

Connexin43 gap junctions are non-selective membrane channels that facilitate cell-to-cell 

communication. A functional gap junction channel is formed upon docking of two 

hemichannels, or connexons, but an undocked hemichannel plays a key role in the initial 

response to cellular injury. In particular Connexin43 hemichannels have been shown to 

communicate aberrant signals that promote a self-perpetuating cycle involving vascular leak, 

edema, inflammation and neuronal cell death. Pre-clinical models of central nervous system 

injuries have demonstrated that systemic delivery of Connexin43 mimetic Peptide5 

(VDCFLSRPTEKT, PeptagonTM) significantly improves functional outcomes. Additionally 

Tonabersat (SB-220453) has been tested in phase II clinical trials to target spreading waves of 

abnormal activity in cellular injury. Despite the therapeutic potential, the molecular mode of 

action of these compounds has not yet been described. Therefore, the aim of this thesis is to 

characterise the molecular mode of action of Peptide5 and Tonabersat to support their clinical 

progression.  

An in vitro model of ischemia-reperfusion injury was developed to examine connexin43 

hemichannel-mediated ATP release in a human cerebral microvascular endothelial cell 

(hCMVEC) line. Gap junction channel function was assessed using an established scrape-

loading assay and visualised using immunohistochemistry. Modified analogues of Peptide5, 

including single alanine substituted peptides and truncated, were used to assess the mode of 

action of Peptide5. The site of action of Peptide5 was tested using extracellular loops in a 

competition assay.  
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Peptide5 inhibits Connexin43 hemichannel-mediated ATP release in hCMVEC by acting on 

extracellular loop two of Connexin43. Furthermore, Peptide5 sequence specificity is important 

for inhibiting hemichannel-mediated ATP release but less so for the uncoupling of gap junctions. 

The SRPTEKT motif is central to Peptide5 function but on its own is not sufficient to inhibit 

hemichannels at the concentrations used. Tonabersat exhibits a concentration-dependent 

response where a low concentration significantly inhibits connexin43 hemichannel-mediated 

ATP release but relatively higher concentrations uncouple gap junctions, with Connexin43 

junction plaques internalised and degraded via the lysosomal pathway.  

Taken together, this study provides an understanding for the molecular mode of action of 

Peptide5 and Tonabersat to support their clinical development for the treatment of retinal injury 

and diseases.  
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Chapter 1. Introduction1 

 

Cell-to-cell communication is essential for multicellular organisms. The billions of cells that 

make up the ‘building blocks of life’ must communicate with one another to coordinate their 

function (Marth, 2008). For example, synchronous contraction of heart muscle (Green and 

Severs, 1993), visual processing in the retina (Bloomfield and Volgyi, 2009), and electrical 

transmission in the brain (Dermietzel et al., 1989) are all dependent on connexin gap junctions 

for fast intercellular communication. A functional gap junction channel is formed by the docking 

of two hemichannel units, but an undocked hemichannel also possesses a function of its own. 

These hemichannels are often referred to as ‘pathological pores’, as they expose the cell’s 

interior to the extracellular environment which can compromise cell viability. Thus, connexin 

therapeutics is aimed at attenuating hemichannel activity in cellular injury, and there are two 

promising compounds currently in development. The Connexin43 mimetic Peptide5 

(PeptagonTM) has demonstrated therapeutic potential in a preclinical model of retinal ischaemia-

reperfusion injury (and other central nervous system injury models), and Tonabersat has been 

tested in phase II clinical trials; however, the molecular modes of action are yet to be elucidated. 

In order to support the clinical progression of Peptide5 and Tonabersat, particularly for the 

treatment of retinal injury and diseases, characterising the molecular modes of action of these 

compounds forms the basis of this thesis.   
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1.1. Background and rationale 

Figure 1.1: Without treatment, retinal diseases such as age-related macular degeneration 

can progressively deteriorate vision. The normal image in A is compared to a simulated field 

of view from a patient with AMD in B. Image adapted from (Marmor and Marmor, 2010). 

The World Health Organization has listed retinal diseases, including age-related macular 

degeneration (AMD) and diabetic retinopathy (DR), as the leading cause of irreversible visual 

impairment and blindness in industrialised countries (Roodhooft, 2002). The consequences of 

vision impairment can be far-reaching, causing functional disability (Rubin et al., 1994), loss of 

independence (Wang et al., 1999), higher risk of accidents (e.g. falls and fractures) (Dhital et 

al., 2010), and depression (Tolman et al., 2005). There are over 30 million individuals           

suffering from vision impairment from AMD, which accounts for approximately US$300   

billion in annual costs (Gordois et al., 2010). For DR, the global prevalence is predicted to    

 

 

 

This image has been removed to prevent copyright infringement. 

 Refer to the caption for the source. 



Chapter 1: Introduction 

3 

 

surge from 150 million to 300 million by 2025 (King et al., 1998). The economic and health 

burden associated with these debilitating eye conditions highlights a need for effective 

therapeutic solutions.  

From a clinical perspective, abnormal retinal vasculature is one of the key factors that underlie 

retinal injury and disease (Danesh-Meyer et al., 2015). The early stage is characterised by 

ischemia (poor perfusion) resulting from vessel dropout and/or haemorrhage that develops into 

neovascularisation (formation of new blood vessels) (Clermont et al., 1997; Curtis et al., 2009; 

Zheng et al., 2007). The hemodynamic disturbances create a self-perpetuating cycle involving 

energy failure (Katsura et al., 1993), oxidative stress (Xu et al., 2015), inflammation (Abcouwer 

et al., 2013; Zhang et al., 2013), vessel leak (Danesh-Meyer et al., 2012), compromised 

regenerative potential (Horner and Gage, 2000), and retinal cell death (Danesh-Meyer et al., 

2012). Therefore, the rationale behind connexin therapeutics is to block the abnormal cell-to-

cell communication that perpetuates the destructive cycle. While retinal pathology examples are 

highlighted here, the self-perpetuating sequelae is also relevant to central nervous system (CNS) 

ischemic injuries (e.g. stroke and epilepsy) and other chronic conditions where there is 

significant vessel dropout (e.g. Parkinson’s and Alzheimer’s disease) (Danesh-Meyer et al., 

2015; Guan et al., 2013).  

Under normal conditions, gap junction channels are found in the open configuration (Watanabe, 

1958; Weidmann, 1969), while hemichannels are preferentially closed as they have a low 

opening probability (Contreras et al., 2003). Cellular stress, however, closes gap junction 

channels (e.g. high intracellular Ca2+ of ~500 nM) but triggers hemichannels to open (De Vuyst 

et al., 2006; De Vuyst et al., 2009). Connexin43 hemichannels have been shown to cause 

significant tissue damage in retinal injuries (Danesh-Meyer et al., 2012) and the CNS   
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(Davidson et al., 2013b; Davidson et al., 2012; Davidson et al., 2015; O'Carroll et al., 2008) by 

providing a non-selective pathway for ions and small molecules (<1 kDa) between the 

intracellular and extracellular compartments (Locke et al., 2004). 

Small compounds such as alcohols (e.g. heptanol, octanol), anaesthetics (e.g. halothane and 

ethane), fatty acids (e.g. oleamide), anti-malarial drugs (e.g. quinine derivatives), glycyrrhetinic 

acid and its derivative carbenoxolone have been used to block connexin channels. However, as 

these compounds are non-specific and produce off-target effects, there is a limitation in their 

therapeutic application (for review see (Bodendiek and Raman, 2010)). This led to the 

exploration of peptidomimetics in the mid 1980’s, initially as epitope-specific antibodies, to 

examine gap junction organisation and function specifically (Dahl et al., 1994; Warner et al., 

1995; Warner et al., 1984). The short mimicking sequences of the connexin extracellular loop 

successfully inhibited cell communication and the cell communication was attributed to QPG 

and SHVR domains of extracellular loop 1 and the SRPTEK domain of extracellular loop 2; 

the highly conserved regions of the connexin protein (Kumar and Gilula, 1992; Warner et al., 

1995).  

The peptidomimetics Gap26 (VCYDKSFPISHVR) and Gap27 (SRPTEKTLFII), derived from 

connexin43 extracellular loops 1 and 2 respectively, have become the most widely used peptides 

(reviewed in (Evans et al., 2012)). Gap26 and Gap27 have been shown to inhibit cell-to-cell 

communication without changing the number and/or distribution of gap junction plaques 

(Berman et al., 2002; Chaytor et al., 1998). These results led to the hypothesis that Gap26 and 

Gap27 peptides directly uncouple gap junction channels without affecting the intrinsic stability 

of the channel (Berman et al., 2002). The hypothesis was later revised based on a comparative 

study of gap junction and hemichannel function using Gap26 and Gap27 (Leybaert et al., 2003). 
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Without uncoupling gap junction channels, Gap26 and Gap27 inhibited ATP release suggesting 

that peptides prevent hemichannel docking rather than uncoupling existing gap junctions 

(Leybaert et al., 2003). A current working hypothesis is that Gap26 and Gap27 rapidly and 

reversibly stabilise the closed state of the channel so that it becomes resistant to opening in 

cellular stress (reviewed in (Wang et al., 2013a)).  

O’Carroll et al. (2008) introduced a highly efficacious connexin43 mimetic Peptide5 

(VDCLSRPTEKT) that also contains the crucial and conserved extracellular loop 2 of a 

Connexin43 channel. Peptide5 could be used at as low as 5 µM to selectively inhibit connexin 

hemichannels without affecting gap junction channels in vitro (O'Carroll et al., 2008). However, 

the high concentration of 500 µM was associated with both gap junction and hemichannel 

inhibition (O'Carroll et al., 2008). The distinct concentration-dependent action of Peptide5 

provided a wider scope for therapeutic application, which has been put into practice in 

preclinical models of ischaemic injury in the CNS. A low dose of Peptide5 administered 

topically (O'Carroll et al., 2013b) and systemically (Danesh-Meyer et al., 2012) significantly 

improved functional outcomes in brain (Davidson et al., 2014; Davidson et al., 2012), retinal 

(Danesh-Meyer et al., 2012) and spinal cord (O'Carroll et al., 2013b) injuries by minimising the 

extent of secondary damage. However, the molecular mode of action is unknown.  

Another promising compound, Tonabersat (SB-220453), was discovered in the late 1990’s from 

a structure-function study of anti-migraine compounds (Chan et al., 1999). Tonabersat has been 

shown to have a high affinity for binding in the CNS to attenuate neuronal hyper-excitability 

(Chan et al., 1999) as well as cortical spreading depression (Durham and Garrett, 2009). Phase 

II clinical trials for prophylactic Tonabersat treatment against migraine (Goadsby et al., 2009; 

Hauge et al., 2009) and epilepsy (Bialer et al., 2013) have been conducted, where it was well 
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tolerated and devoid of adverse effects on the cardiovascular system (MaassenVanDenBrink et 

al., 2000). However, the clinical significance for Tonabersat remains elusive, which is partly 

attributed to a lack of understanding of its molecular mode of action. Connexin26 gap junctions 

have been proposed as the most likely target of Tonabersat (Damodaram et al., 2009), but it is 

unknown whether Tonabersat can modulate hemichannels and whether it is specific to 

Connexin26.  

1.2. Research objectives 

The aim of this thesis is to characterise the molecular mode of action of Peptide5 and Tonabersat 

to support their development as treatments for retinal injury and disease. In order to achieve this 

primary aim, the three major objectives of this thesis are to: 

1) Develop functional in vitro assays to examine hemichannel function 

A robust in vitro model of ischemia-reperfusion injury will be developed in microvascular 

endothelial cells in order to a) define a role for Connexin43 hemichannels in injury and b) create 

a tool for investigating the mode of action of Peptide5 and Tonabersat in subsequent chapters.   

2) Characterise the site and mode of action of connexin mimetic Peptide5 

The site and mode of action of connexin mimetic Peptide5 and the key sites that are crucial for 

its efficacy will be described. Findings from this chapter will facilitate preclinical testing of 

Peptide5.  

 

3) Characterise the molecular mode of action of Tonabersat. 
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The mode of action of Tonabersat on hemichannels and gap junction channels will be 

characterised. Previously unexplored time- and concentration-dependent properties of 

Tonabersat will be examined which may provide useful information to progress Tonabersat to 

the next phase of clinical trials.  

1.3. Thesis outline and significance 

This thesis advances an understanding of the therapeutic mode of action of Peptide5 and 

Tonabersat. The next chapter critically reviews the literature to identify key channel gating 

mechanisms that regulate Connexin43 gap junction channels and hemichannels in physiology 

and disease. In particular, similarities and differences in Connexin43 gap junction and 

hemichannel gating mechanisms are discussed. In particular, the literature review focuses on 

connexin43 channel roles in retinal injury and disease. Furthermore, advantages and 

disadvantages of in vitro techniques (assays) and tools (pharmacology) for investigating 

connexin43 hemichannels in the field are outlined. Overall, the literature review sets the scene 

for the experimental work and outlines the major aims of this thesis. 

Chapter three introduces key methods and materials that will be used consistently throughout 

the experimental work of the thesis. In chapter four, an in vitro ischemia-reperfusion model will 

be introduced as a tool for testing connexin43 hemichannel and pannexin channel function in 

injured microvascular endothelial cells. The in vitro ischemia-reperfusion model is used 

extensively in chapter five to characterise the site and mode of action of Peptide5 on 

hemichannels. Modified analogues of Peptide5 including single alanine substituted peptides and 

truncated peptides will be utilised in order to identify key sites that are crucial for the efficacy 

of Peptide5 on hemichannels and gap junction channels.  
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Chapter six characterises the molecular mode of action of Tonabersat. The time- and 

concentration-dependent properties of Tonabersat on connexin43 channel function and 

expression will be explored experimentally to examine connexin43 channel function and 

expression. Chapter six provides novel evidence that Tonabersat inhibits Connexin43 

hemichannels at lower concentrations but that higher concentrations internalise and degrade gap 

junction channels via the lysosomal pathway. 

Chapter seven integrates the key findings to present a discussion on the overall impact and 

contribution of the thesis. Ideas for future research to advance connexin therapeutics will also 

be discussed.  
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Chapter 2. Literature review  

 

Chapter two comprehensively reviews the connexin channel literature with an aim to identify 

strategies for manipulating connexin expression and/or function in retinal injury and disease. 

The chapter begins with an overview of the fundamental concepts of connexin channel structure, 

regulation, and function which leads to a discussion on a role for connexin43 channels in the 

pathophysiology of retinal injury and disease. The final section reviews the current in vitro 

experimental techniques (assays) and tools (pharmacology) that are used for investigating 

connexin43 hemichannel function. Linking the key concepts together, the present chapter will 

set the scene for investigating the molecular mode of action of Connexin43 mimetic peptide5 

(PeptagonTM) and Tonabersat on connexin43 channels.  

Section one: Cell-to-cell communication by connexin gap junctions and 
hemichannels 

2.1. The connexin proteins: molecular structure and nomenclature 

Gap junctions are formed by connexin proteins, a large protein family with 21 isoforms 

expressed in a tissue-specific manner and named according to their molecular mass and species 

of origin (Sohl and Willecke, 2004). For example, hCx43 denotes a human connexin of a 

molecular weight of about 43kDa (Sohl and Willecke, 2003). A single connexin subunit is 

composed of 4 transmembrane domains, cytoplasmic N- termini and C- termini (CT), a 

cytoplasmic loop (CL) and two extracellular loops (EL) (Fig. 2.1B). Six connexin subunits 

assemble to form a hemichannel, or connexon, that can be made up of either a single connexin 

subtype (homomeric) or multiple subtypes (heteromeric) (Fig. 2.1). The docking of two 
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hemichannels from apposing membranes forms a gap junction channel that can be homotypic, 

or heterotypic. A heterotypic gap junction channel is possible because the connexin family has 

a high degree of conservation in the transmembrane domains and extracellular loops (Fig. 2.1) 

(Beyer et al., 1990). Amongst the connexin isoforms, the cytoplasmic CT and CL regions exhibit 

the most sequence variation (Cruciani and Mikalsen, 2006). For the rest of the chapter, all 

reference to connexin proteins will be to those of human origin unless otherwise specified. 

 

Figure 2.1: A schematic structure of connexon types and the connexin43 protein. A. A 

connexin43 subunit array assembles as a hemichannel which is trafficked to the plasma 

membrane. Hemichannels of neighbouring cells dock to form conducting gap junctions. Three 

major types of gap junction channels are formed from assembly of different Cx subtypes – 

Homomeric, heteromeric, and heterotypic (from left to right). B. A connexin has four 

transmembrane connexin domains, a cytoplasmic N-terminal (NT), a cytoplasmic loop (CL), a 

cytoplasmic terminal (CT), and two extracellular loops (EL1, EL2). 
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2.2.  The connexin life cycle and turnover mechanisms 

In a typical life cycle, connexin43 proteins are synthesized in the endoplasmic reticulum (ER) 

followed by oligomerization of connexin subunits into connexons (hemichannels) in the Golgi 

apparatus (Cone et al., 2014; Laird, 1996; Laird et al., 1995; Musil and Goodenough, 1993). 

Hemichannels are then transported in vesicles along the microtubules to the cell surface where 

they are inserted into the plasma membrane. These newly inserted hemichannels cluster at the 

edge of existing plaques to dock with apposing hemichannels for de novo synthesis of gap 

junction channels (Lauf et al., 2002). Freeze fracture electron microscopy studies have shown 

that the size of gap junction plaques can vary from a few nm (a small cluster of channels) to 

several μm  (a large cluster of channels) in diameter (McNutt and Weinstein, 1970) 

Under normal conditions in vitro, connexin43 channels have a short yet balanced turnover half-

life of 1–2 hours (Laird et al., 1991) relative to other plasma membrane proteins that typically 

have a half-life of 20–80 hours (Berthoud et al., 2004). Older connexin channels are internalized 

and removed from the centre of the plaque (Gaietta et al., 2002), which occurs as double-

membrane circular annular junctions (Jordan et al., 2001; Larsen et al., 1979) or as endocytotic 

vesicles (Leithe and Rivedal, 2004; Schubert et al., 2002). These internalized plaques can follow 

either the lysosomal or proteosomal degradation pathways (Musil et al., 2000; Qin et al., 2003), 

though plasma membrane proteins are primarily degraded by lysosomes, whereas cytosolic and 

nuclear proteins are generally degraded by proteasomes (Laing et al., 1997). It is currently 

unknown whether hemichannels and gap junction channels follow the same degradation 

pathway.  
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An important point to note is that the intracellular and extracellular environment can alter the 

dynamics of connexin channel turnover. For example, connexin43 expression in a tissue peaks 

four to eight hours after injury, and has been correlated with vascular disruption and 

inflammation (Cronin et al., 2008; Danesh-Meyer et al., 2012; Davidson et al., 2012; Guo et al., 

2014; O'Carroll et al., 2013b). Therefore, modulation of connexin expression could be an 

effective strategy to achieve therapeutic outcome following injury which will be discussed later 

in the chapter. 

2.3. Hemichannel docking mechanism 

Newly assembled connexons use their extracellular loops to recognise, align, and form insular 

gap junction channels at the plasma membrane (John and Revel, 1991). The highly conserved 

extracellular amino acid motifs QPG and SHVR on EL1 and SRPTEKT on EL2 are thought to 

play a role in the hemichannel docking mechanism (Bruzzone et al., 1996; Warner et al., 1995). 

However, the precise interaction between the extracellular loops has not been described to date. 

What is known about the docking process is that the three conserved cysteine residues found on 

each of the extracellular loops stabilise the disulphide bridges between EL1 and EL2 (Bruzzone 

et al., 1996; Foote et al., 1998; Hoh et al., 1991; Maeda et al., 2009). Mutations to the cysteines 

have shown, for example, to hinder connexin37 gap junction formation (Good et al., 2012).  

The docking process itself involves a 30° rotation between apposing hemichannels (Perkins et 

al., 1998) which enables tight interdigitation of EL1 inside and EL2 on the outside to encircle 

the channel pore (Foote et al., 1998; Perkins et al., 1998). If the loops crossed over in the 

interdigitation, docking between EL1-EL1, EL2-EL2, EL1-EL2, and EL2-EL1 would all be 

possible (Perkins et al., 1998). Alternatively, if loops extended straight up and down only two 
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combinations of EL1-EL1 and EL2-EL2 would occur (Perkins et al., 1998). A functional study 

into newly formed (de novo) gap junction channels showed symmetrical currents (no leak 

currents) which suggests that the docking is a complete and irreversible process (Bukauskas and 

Weingart, 1994). Furthermore, the docking of two connexons contributes to the unique gating 

properties that differentiate gap junction channels from hemichannels.  

2.4. Gating of connexin channels 

The gating mechanism of connexin channels is another key feature that determines the level of 

channel activity in a cell. This section discusses the voltage- and chemical-gating mechanisms 

of connexin channels. 

2.4.1 Voltage gating mechanism 

Voltage across a plasma membrane (e.g. action potential of a neuron) is a key parameter that 

regulates the opening and closing probability of connexin channels (For review, see (Harris, 

2001)). Connexin channels are sensitive to two distinct but interactive forms of voltage: 

transjunctional voltage (Vj) created by a voltage gradient between adjacent cells, and 

transmembrane voltage (Vm) which exists when there is a voltage difference across the 

cytoplasm and the extracellular space (Verselis et al., 1991). Gap junction channels are primarily 

sensitive to Vj and remain open under basal conditions (For review, see (Harris, 2001)). In 

contrast, hemichannels are largely closed and triggered to open when Vm is depolarised (Vm ≥ 

60 mV) (Contreras et al., 2003). The unitary conductance of connexin43 gap junction channels 

is ≈ 110 pS, which is approximately half that of hemichannels ≈ 220 pS (Contreras et al., 2003). 

Using electrical stimulation to alter Vm, the unitary conductance signatures of connexin isoforms 
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has been summarised as Connexin37 > Connexin40 = Connexin46 > Connexin43 = Connexin26 

> Connexin32 > Connexin45 (Harris, 2001).  

There are two proposed models for the molecular basis of the voltage gating mechanism (For 

review, see (Bargiello et al., 2012)). The particle-receptor (ball-and-chain) model describes the 

voltage gating transitions of connexin40 (Anumonwo et al., 2001) and connexin43 (Moreno et 

al., 2002; Revilla et al., 1999) gap junction channels, and involves the binding of carboxy tail 

(CT) (particle) to the cytoplasmic loop (CL) (receptor). It has been suggested that the structural 

domains for voltage gating overlap with chemical gating in connexin43 channels (Shibayama et 

al., 2006). In contrast, the gating transitions of connexin26 (Kwon et al., 2011; Maeda et al., 

2009) and connexin32 (Oh et al., 2004) channels are regulated by the movement of the N-

terminal domain. In regards to the CT to CL based gating mechanism, there is now evidence 

that the CT–CL interactions of connexin43 channels are differentially regulated between gap 

junctions and hemichannels (Ponsaerts et al., 2010). The differential gating mechanism has been 

utilised in the development of Gap19, a potential connexin therapeutic, which will be discussed 

further in section three later in this chapter.  

2.4.2 Chemical gating mechanism 

Connexin channels are also expressed in non-electrical cells (e.g. vascular endothelial cells, 

astrocytes and glia), where they are regulated by chemical gating mechanisms. Chemical 

changes, including pH, calcium (Ca2+), and metabolic inhibition have been shown to regulate 

connexin channel gating mechanisms (Chen and Swanson, 2003). Changes in these parameters 

typically occur in cellular injury, and gating mechanisms will be discussed in the context of this.  
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2.4.3 pH-dependent gating mechanism 

Intracellular acidosis is a typical side effect of the metabolic changes (anaerobic glycolysis and 

oxidative phosphorylation) that occur in ischaemia (Yan and Kleber, 1992). In acidosis, gap 

junction channels close and there is a reduction in both connexin43 and connexin45 gap junction 

expression at the plasma membrane (Palacios-Prado et al., 2010). The particle-receptor (ball-

and-chain) gating model has been used to describe the pH-dependent gating mechanism (Liu et 

al., 1993; Morley et al., 1996). The pH sensitivity also varies across connexin isoform which 

has been summarised as (in the decreasing order of sensitivity) 

Connexin46>Connexin45>Connexin26>Connexin37>Connexin43>Connexin40 (for review, 

see (Peracchia, 2004)). This variation could be attributed to the non-conserved nature of the 

carboxyl terminal regions (Morley et al., 1996). For connexin43 gap junction channels, 

intracellular acidosis has been shown to increase the affinity of CL and CT binding (amino acids 

119-144; referred to as “L2”) (Duffy et al., 2002). It is likely that an extracellular pH gating 

mechanism for hemichannels resides on the external domain, though H+ could also enter the cell 

to act on the intracellular domain (particle-receptor model). A rise in extracellular pH from 7.4 

to 8.5 has been associated with an increase in the opening probability of connexin43 

hemichannels (Schalper et al., 2010), but alkalinisation mediated hemichannel regulation is 

beyond the scope of this review.  

Intracellular acidification from 7.2 to 6.4 has shown to inhibit hemichannel currents in vitro 

(Wang et al., 2012a), which is in contrast to the ischaemia (acidosis) triggered opening of 

hemichannels in vivo (Danesh-Meyer et al., 2012; Davidson et al., 2014; Davidson et al., 2013b; 

Davidson et al., 2012). Gap junction channels, however, are thought to uncouple in ischaemia 

which is in line with the proposed pH gating mechanisms (Kleber et al., 1987). Owing to the 
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complexity of the changes that occur during cellular injury in vivo (Casey et al., 2010), it is 

likely that connexin channel gating mechanisms are not solely dictated by pH. As discussed 

earlier, the structural domains for voltage gating (L2 region) overlap with those for the pH gating 

mechanism (Fig. 2.2). It is possible that both pH and Ca2+ changes come into play for the 

regulation of connexin gating mechanisms. For example, acidosis hyperactivates the Na+/H+ 

exchanger leading to Na+ overload, which reverses the Na+/Ca2+ exchanger and accumulates 

intracellular Ca2+ (Casey et al., 2010). 

2.4.4 Ca2+- mediated gating mechanism 

Ca2+ is a ubiquitous second messenger with a dual role in cell survival and cell death. Ca2+ 

signals for synaptic plasticity (Zhao et al., 2011), neurotransmitter release (Millar et al., 2005), 

and gene expression (Johnson et al., 1997), but Ca2+-dependent processes also play a key role 

in the activation of apoptotic cell death (Schwab et al., 2002). In particular, connexin channels 

mediate fast intra- and inter-cellular signalling through propagation of Ca2+ waves (for review, 

see (De Bock et al., 2014)) and are themselves regulated by Ca2+. This section describes Ca2+ 

dependent regulation of connexin channels and their role in cellular injury.  

 Intracellular Ca2+ 

Gap junctions are regulated by intracellular Ca2+ ([Ca2+]i), whereas hemichannels are regulated 

by both intracellular and extracellular Ca2+ ([Ca2+]e). The level of [Ca2+]i is determined by Ca2+ 

influx from the extracellular space and Ca2+ release from intracellular stores, which are finely 

tuned in homeostasis to maintain a cytoplasmic Ca2+ concentration of ~100 nM (McDonough 

and Button, 1989).  
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Rose and Loewenstein, (1975) first demonstrated [Ca2+]i dependent regulation of gap junction 

channels where microinjection of ~50 nM Ca2+ coincided with a local rise in [Ca2+]i and 

electrical uncoupling (Rose and Loewenstein, 1975). [Ca2+]i dependent gap junction uncoupling 

was considered to be a protective mechanism that isolates damaged cells from healthy 

neighbouring cells (Budd and Lipton, 1998). Although there is a general consensus that [Ca2+]i 

elevation uncouples gap junction channels, reports on the [Ca2+]i threshold varies from the 

nanomolar to high micromolar concentration range (reviewed in (Peracchia, 2004)). The 

discrepancies in the threshold may arise from differences in cell type and the experimental 

conditions used in vitro.  

Calmodulin (CaM), an intermediate cytoplasmic Ca2+ receptor, has been proposed to regulate 

the [Ca2+]i dependent gating mechanism of gap junction channels (Peracchia, 2004). Lurtz and 

Louis, (2007) proposed that the interaction between Ca2+-CaM is likely to induce a 

conformational change in the cytoplasmic loop that sterically inhibits connexin43 gap junction 

channels (Lurtz and Louis, 2003) 

It has recently been shown that connexin32 and connexin43 hemichannels display a bimodal 

response to [Ca2+]i. A moderate elevation in [Ca2+]i (<500 nM) has been shown to open 

hemichannels, but higher concentrations (>500 nM) were associated with hemichannel closure 

(Ponsaerts et al., 2010). A rise in [Ca2+]i caused the binding of CT and CL to trigger hemichannel 

opening, whereas higher [Ca2+]i (>500 nM) activated the actomyosin contractile system that 

physically pulled the CT away from the CL to close the hemichannel. Interestingly, a mimetic 

peptide that corresponds to the last 10 sequences of C-terminal tail (TAT-Cx43CT) reversed the 

inhibition of connexin43 hemichannels induced by high [Ca2+]i, whereas TAT-L2 inhibited 

connexin43 hemichannel opening (Ponsaerts et al., 2010). Therefore, experiments based on 
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[Ca2+]i dependent regulation of connexin43 channels were instrumental for deciphering the 

differential CT-CL gating mechanisms of hemichannels and gap junctions (Ponsaerts et al., 

2010). 

 Extracellular Ca2+ 

Under normal conditions, [Ca2+]e is tightly regulated in the range of 1.5–2.0 mM in the 

mammalian brain (Jones and Keep, 1988). However, pathological events such as ischaemia 

(Kristian and Siesjo, 1998), hypoglycaemia (Kristian et al., 1993), and epilepsy (Yaari et al., 

1983) cause a significant reduction in [Ca2+]e to 0.01–0.1 mM (Zanotti and Charles, 1997). 

Lowering [Ca2+]e has been shown to activate hemichannels in the catfish retina (DeVries and 

Schwartz, 1992). According to the ‘camera iris’ model, lowering [Ca2+]e constricts the pore size 

from 15 Å to 6 Å through concerted tilting and twisting of subunits that refold the extracellular 

loops (Muller et al., 2002; Unwin and Ennis, 1983). The conformational change was specific to 

low [Ca2+]e, as it was reversible upon addition of Ca2+ to the extracellular medium (Thimm et 

al., 2005). One of the proposed molecular sites for a [Ca2+]e dependent gating mechanism 

involves the extracellular vestibule of the channel pore with up to six binding sites for Ca2+ 

predicted (Gomez-Hernandez et al., 2003). Based on sequence similarity, the same mechanism 

may also apply for connexin43 hemichannels (Gomez-Hernandez et al., 2003). Low [Ca2+]e 

solution has now been widely used to investigate hemichannel activity (Braet et al., 2003; 

DeVries and Schwartz, 1992). 
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Figure 2.2: A schematic summary of the connexin43 structure and functional components 

(key gating mechanisms). The major extracellular gating mechanisms include docking and 

[Ca2+]e, and intracellular gating includes pH, [Ca2+]i,  and voltage dependent mechanisms. It is 

likely that multiple gating mechanisms come into play to determine the open and closed state of 

the channel. Adapted from (Bruzzone et al., 1996). 

2.5. Permeability and selectivity profile of the connexin channel 

When compared to other membrane channels, connexin channels are often referred to as ‘non-

selective’ channels based upon their large pore size (Maeda et al., 2009) and indiscriminate 

permeability to biological molecules (Table 2.1). There is a general consensus that connexin 

channels allow the passage of molecules of up to ~1 kDa in size (Schwarzmann et al., 1981; 

Simpson et al., 1977) which further portrays connexins as non-selective channels. Across 

connexin isoforms, however, there is a variation in unitary conductance (see section 2.4.1) and 

permeability characteristics, which is likely to have evolved according to the requirements of 

the tissue that each is expressed in (Weber et al., 2004). The flux of synthetic fluorescent probes 

through connexin channels has been widely used to estimate the size and charge selectivity of 
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connexin channels. This has been demonstrated in HeLa cells (Cao et al., 1998; Elfgang et al., 

1995), Xenopus ooyctes (Cao et al., 1998), and reconstituted liposomes (Bevans et al., 1998). 

The most commonly used fluorescent dyes for investigating connexin channel permeability are 

Lucifer Yellow (LY, 457 Da, -2) (Lampe et al., 2006), Ethidium bromide (EtBr, 395 Da, +1) 

(Contreras et al., 2003), Propidium iodide (PI, 668 Da, +2), DAPI (277 Da, +2) (Elfgang et al., 

1995), and Alexa dyes (350 to 760 Da) (Weber et al., 2004). Based upon studies with Alexa 

dyes, which are structurally similar but vary in size, the selectivity was ranked in decreasing 

order as Connexin32 ≥ Connexin43 >> Connexin26 ≥ Connexin40 ≈ Connexin45 ≥ Connexin37 

(Weber et al., 2004). The lack of correlation in the selectivity profile studies between dye 

(Weber et al., 2004) and unitary conductance (see section 2.4.1) suggests that the permeability 

profile of connexin channels is dependent on more than size and charge alone. This raises the 

question as to the biological relevance of dye and unitary conductance for studying connexin 

channel permeability.  

There has been a shift towards understanding the permeability of connexin channels to 

physiological metabolites using fluorescently labelled metabolites (e.g. glucose derivatives 2-

(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) (Retamal et al., 

2007)). Another common method involves the direct measurement of the flux of physiological 

molecules (e.g. ATP measurements using luciferin/luciferase enzymatic reaction (Kang et al., 

2008)). For example, connexin43 channels have a 300-fold greater selectivity to ATP than 

connexin32, which is inversed for adenosine (Goldberg et al., 2002). With a greater permeability 

for ATP, it is more likely that connexin43 channels have a greater control over the energy status 

than connexin32 (Goldberg et al., 2002) and ATP-dependent pathological processes such as 

inflammation (reviewed in (Kim et al., 2016)). Therefore, the use of physiologically relevant 
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molecules provides a greater depth of information on the functional significance of connexin 

channel permeability. Table 2.1 summarises the permeability profile of connexin gap junctions 

and hemichannels to signalling molecules.    

Table 2.1. Connexin gap junction and hemichannel permeability to biologically relevant 

molecules.  

Molecule M.W. 

(g/mol) 

Charge HCs GJs 

ATP 507 -4 (Belliveau et al., 2006; Calder et al., 

2015; Chever et al., 2014; Cotrina 

et al., 1998; Eltzschig et al., 2006; 

Kang et al., 2008; Pearson et al., 

2005; Romanello and D'Andrea, 

2001; Roux et al., 2015; Takada et 

al., 2014) 

(Goldberg et al., 1999; 

Goldberg et al., 1998; 

Goldberg et al., 2002) 

ADP 427 -3 (Okuda et al., 2013) (Goldberg et al., 1999; 

Goldberg et al., 1998) 

AMP 347 0  (Goldberg et al., 2002) 

Adenosine 267 0  (Goldberg et al., 2002) 

Aspartate 133 -1 (Ye et al., 2003) (Valiunas et al., 1997) 

Ca2+  +2 (Mandal et al., 2015) (Hofer et al., 2001) 

cAMP 329 -1 (Kam et al., 1998; Valiunas, 2013) (Bedner et al., 2006; Bopp et 

al., 2007) 

cGMP 345 -1 (Bevans et al., 1998; Locke et al., 

2004) 

(Shuhaibar et al., 2015) 

Glucose 180 0 (Retamal et al., 2007) (Goldberg et al., 2004; 

Suzuki et al., 2009) 

Glutamate 147 -1 (Ye et al., 2015; Ye et al., 2003) (Beblo and Veenstra, 1997) 

Glutathione 307 -1 (Ye et al., 2015) (Slavi et al., 2014) 

IP3 414 -6 (Gossman and Zhao, 2008; Kam et 

al., 1998; Romanello and D'Andrea, 

2001) 

(Decrock et al., 2012; Zeng et 

al., 2014) 
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2.6. Connexin channel mediated cell-cell communication: For cell survival or cell death? 

As connexin channels are gatekeepers of many signalling molecules implicated in both 

physiology and disease (Table 2.1), deciphering a role for gap junction channels and 

hemichannels in cell survival and cell death mechanisms has been controversial. This section 

reviews connexin channel roles in physiology and pathology and supports a rationale for 

targeting hemichannels in injury and disease. 

2.6.1 Gap junction channels 

Gap junction channels facilitate the passive diffusion of ions (e.g. Na+, K+ Cl-) and metabolites 

between adjacent cells to regulate electrical (Watanabe, 1958; Weidmann, 1969) and chemical 

transmission (Trenholm et al., 2013). There is a general consensus as to the physiological roles 

of gap junction channels, such as morphogenesis (Ellison et al., 2016; Yamada et al., 2016), 

development (Molchanova et al., 2016), and tissue synchronization (Gigout et al., 2006). In 

contrast, a role for gap junction channels in cell death is supported by two opposing hypotheses. 

The “Bystander death” mechanism as termed by Freeman et al. (1993) to describes the induction 

of apoptosis by Ganciclovir-sensitive tumour cells in a co-culture of Ganciclovir-insensitive 

tumour cells via gap junction channels (Freeman et al., 1993). The transfer of viral peptides 

(Neijssen et al., 2005) and caspase derived apoptotic peptides through gap junction channels in 

an interconnected network of cells (Pang et al., 2009) has been used to further support innocent 

‘bystander death’ (Lin et al., 1998). 

In contrast, connexin43 gene knockout studies were used to demonstrate that a loss of 

connexin43 is associated with a larger stroke lesion size (Nakase et al., 2004; Siushansian et al., 

2001), amplified apoptosis, and inflammation (Nakase et al., 2004). Furthermore, inhibiting gap 
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junction channels following injury has been correlated to glutamate cytotoxicity and increased 

neuronal injury arising from a lack of functional syncytium between astrocytes (Ozog et al., 

2002). The ‘Good-Samaritan’ role suggests that gap junction communication in injury is 

required for transmission of rescue signals (e.g. the free radical scavenger glutathione) 

(Contreras et al., 2004) and dilution of metabolites to prevent toxic accumulation (Nakase et al., 

2004).  

The timing of the signal transmitted through the gap junction channels may be crucial for 

determining a cell’s fate. For example, molecules that are involved in the early induction of 

apoptosis, such as cytochrome C, apoptotic protease activating factor (APAF-1), and caspases, 

are too large to directly permeate through gap junction channels (Decrock et al., 2009b). 

However, downstream of cytochrome C is the activation of IP3 and Ca2+ signalling molecules 

(Table 2.1) which have been shown to amplify apoptosis (Boehning et al., 2003). A study based 

on apoptotic cell death in C6 glioma cells has shown that connexin43 gap junction channels 

induce cell death directly in neighbouring cells, but hemichannels propagate secondary injury 

as far as 100 µm away from the initial damage site (Decrock et al., 2009a).   

2.6.2 Hemichannels 

Hemichannels were considered to be precursors to gap junction channels by remaining closed 

until docking with an adjacent hemichannel. However, there is substantial evidence to suggest 

that hemichannels possess a function of their own by regulating the exchange between the 

cytoplasm and the extracellular space. Hemichannels were often portrayed as ‘pathological 

pores’ owing to their low opening probability under normal conditions (Contreras et al., 2003) 

and are stimulated to open in response to cellular stress (Davidson et al., 2014; Davidson et al., 

2012; Giaume et al., 2013; Orellana et al., 2011c). Indeed, unregulated opening of hemichannels 
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has been correlated with cell death by facilitating i) loss of osmoregulation (Quist et al., 2000; 

Rodriguez-Sinovas et al., 2007), ii) excitotoxicity (Froger et al., 2010), iii) spread of secondary 

injury (Decrock et al., 2009a), and iv) inflammation (Calder et al., 2015). As an example, 

connexin43 hemichannel mediated ATP release has been shown to activate the purinergic 

inflammatory pathway by activating the purinergic receptor, P2RX7, in the peri-traumatic regions 

of a spinal cord injury (Cotrina and Nedergaard, 2009; Huang et al., 2012). Post-traumatic ATP 

release was not present in connexin43 knockout mice providing further support for connexin43 

dependent ATP release (Huang et al., 2012).  

Normal physiological roles for hemichannels have also been reported, particularly in the retina 

where they are involved in the regulation of neural progenitor proliferation (Pearson et al., 2005) 

and integration of input into horizontal cells (Fahrenfort et al., 2009; Kamermans et al., 2001; 

Klaassen et al., 2011a; Klaassen et al., 2011b; Pottek et al., 2003). In the brain, hippocampal 

astroglial connexin43 hemichannels have been suggested to modulate basal synaptic 

transmission (Chever et al., 2014). To what extent hemichannels play a physiological role is 

debatable considering that hemichannel gating mechanisms are tuned to open in response to 

conditions that are present in cellular stress. In such cases, the opposing regulation of gating 

mechanisms would suggest that gap junction channels uncouple in injury but hemichannel 

activity is heightened.   

2.7. Section summary 

Cells are able to alter the fate of their neighbouring cells via gap junction channel- or 

hemichannel-mediated intercellular communication. Gap junctions provide a direct passage of 

exchange between adjacent cells whereas hemichannels expose the cytoplasm to the 
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extracellular environment. A role for connexin gap junction channel and hemichannel roles in 

cell survival and cell death has been a controversial topic in the field, as these channels are the 

gatekeepers of many physiological molecules (up to ~1 kDa). Gap junctions may communicate 

cell death signals (e.g. IP3) but may also allow the diffusion of ions in order to prevent toxic 

accumulation of metabolites. In comparison, hemichannels have a low resting opening 

probability but their gating mechanisms are primed to open under conditions typical of cellular 

injury (e.g. low [Ca2+]e). Connexin43 hemichannel and gap junction channel gating mechanisms 

are oppositely regulated, which suggests that in injury gap junction channels uncouple but 

hemichannel activity is heightened. While cell fate may depend on the nature of the injury and 

the signal communicated, it may be beneficial to attenuate hyperactive hemichannels to prevent 

the release of metabolites and energy sources to the extracellular space (e.g. ATP) which would 

otherwise serve as ‘danger signals’ to initiate secondary injury.   

Section two: A role for Connexin43 in the pathophysiology of retinal injury 
and disease 

The retina is the light-sensitive tissue at the back of the eye that converts light rays into electrical 

signals for image processing in the brain (Adrian and Matthews, 1927). The retina has one of 

the highest rates of blood flow in the body (per unit of tissue weight) (Nickla and Wallman, 

2010), which demonstrates the high oxygen and nutrient requirement of the tissue. Continuous 

blood flow through the choroid, the primary vascular structure of the retina, is particularly 

important for thermoregulation (heat dissipation), drainage of aqueous humour from the anterior 

chamber, and regulation of intraocular pressure (Nickla and Wallman, 2010). The balance of 

proangiogenic (e.g. vascular endothelial growth factor, VEGF) and antiangiogenic factors (e.g. 

Thrombospondin-1) are required for normal development and maintenance of the retinal 
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vasculature (Chan et al., 2005). There is a considerable amount of evidence suggesting that 

VEGF, which stimulates the formation of new vessels (neovascularisation), is upregulated in 

retinal pathology. However, these new vessels are prone to haemorrhage which can lead to 

macular oedema (swelling), retinal detachment, and scarring, vision impairment and blindness 

if left untreated (Arevalo et al., 2008). Anti-VEGF therapies have, therefore, been commonly 

used for the treatment of ocular neovascular diseases but these therapies may also non-

specifically target the existing vasculature (reviewed in (Danesh-Meyer et al., 2015)). The 

current section builds on the understanding of connexin43 channel properties to outline their 

role as a potential therapeutic target in retinal injury and diseases.  

2.8. Overview of Connexin43 in the retina 

Expression: A high level of connexin43 has been identified in human retinal tissue particularly 

in the glial fibrillary acidic protein (GFAP)-positive astrocytes as well as retinal-pigmented 

epithelial cells, and Müller cells (Kerr et al., 2010). The distribution pattern of connexin43 in 

the human retina is homologous to that of other vertebrates (Kerr et al., 2010), including rat, 

mouse, rabbit, carp, and zebrafish (Janssen-Bienhold et al., 1998).  In particular, connexin43 is 

highly expressed in the cells of the blood-retinal barrier (BRB), including in astrocytes (Ly et 

al., 2011), the endothelium (Kerr et al., 2010), and pericytes (Engelhardt and Sorokin, 2009; Li 

et al., 2003). The BRB is the interface between the vascular lumen and the neural retina that 

controls the exchange of nutrients and waste products. Breakdown of the BRB is a common 

feature reported in retinal injury and disease including in retinal ischaemia-reperfusion injury, 

diabetic retinopathy, and age-related macular degeneration.  
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Function: A high level of connexin43 expression suggests that intercellular communication 

plays a key role in the regulation of retinal function. Connexin43 channels have been shown to 

regulate differentiation of RPE cells through cAMP signalling (Kojima et al., 2008), and gap 

junction mediated Ca2+ waves regulate retinal proliferation and differentiation for neural retina 

development (Pearson et al., 2004). Furthermore, intercellular communication has been shown 

to protect against the release of VEGF induced by oxidative stress (Pocrnich et al., 2012).  

2.9. A role for connexin43 in retinal injury and disease 

2.9.1 Retinal ischemia-reperfusion injury 

In a preclinical model of retinal ischaemia-reperfusion, connexin43 was significantly 

upregulated 4-to 8-hours post-injury in the activated astrocytes, Müller cells, and the vascular 

endothelium of the retina (Danesh-Meyer et al., 2012). The upregulation of connexin43 was 

correlated with vascular leak, neuronal cell death, and inflammation, suggesting that connexin43 

played a key role in the breach of the BRB (Danesh-Meyer et al., 2012). Systemic delivery of 

connexin mimetic peptide5 at a concentration that inhibits hemichannels but not gap junction 

channels (O'Carroll et al., 2008) significantly reduced vascular haemorrhage and spared retinal 

ganglion cells when compared to the untreated and scrambled peptide control (Danesh-Meyer 

et al., 2012). The in vivo data provides key evidence that connexin43 hemichannels initiate the 

cascade of events involving vascular leak, inflammation, and retinal ganglion cell death.  

2.9.2 Diabetic retinopathy 

A significant reduction in choroidal blood flow has been reported in patients with diabetic 

retinopathy (Langham et al., 1991; Muir et al., 2012). Reduction in blood flow causes localized 

hypoxia which compromises the integrity of the BRB by depriving endothelial cells and 
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pericytes of oxygen and nutrients (Mizutani et al., 1996). Under these hypoxic conditions, an 

imbalance of pro-angiogenic factors and anti-angiogenic factors results in net vessel growth 

(Aiello et al., 1994). The expression of connexin43 channels is altered in diabetic retinopathy, 

but the functional implication of this change is still yet to be defined as there are contradictory 

findings in the literature. A significant reduction of connexin43 in human diabetic retinal tissue 

was associated with an increase in vascular cell death (Tien et al., 2015). In contrast, an 

upregulation of connexin43 immunolabelling has been observed at the edge of haemorrhage 

sites in human donor retinal tissue (Danesh-Meyer et al., 2015). The level of connexin43 

expression may depend on the severity of the disease, and it is possible that gap junctions are 

reduced but connexin43 hemichannels are upregulated.  

2.9.3 Age related macular degeneration  

Age related macular degeneration (AMD) is characterised by a progressive degeneration of the 

photoreceptors, RPE cells and the choriocapillaris, with abnormalities also in the Bruch’s 

membrane (Bhutto and Lutty, 2012). Another distinctive feature of AMD are the focal debris 

deposits (drusen) that damage the retinal pigment epithelium and lead to retinal atrophy 

(geographic atrophy), haemorrhaging, and neovascularisation (reviewed in (de Jong, 2006)). 

AMD affected donor tissues have an overall increase in connexin43 expression with labelling 

outside the blood vessels in the extracellular matrix that is absent in healthy donor tissue 

(Danesh-Meyer et al., 2015). In an established light-damaged albino rat model of AMD (Guo et 

al., 2014; Noell et al., 1966), connexin43 has been shown to be upregulated in the choroid 

immediately after the onset of damage with retinal dysfunction, as evident in electroretinograms 

(Guo et al., 2014). Furthermore, connexin43 expression is co-localised with markers of 

oxidative stress and macrophages that suggest connexin43 may contribute to inflammation. 
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Intravitreal injection of connexin43 mimetic peptide5 restored neuronal function in the retina 

with a reduction in the inflammatory response compared to the control groups (Danesh-Meyer 

et al., 2015)(Guo et al. 2016, in press). 

2.10. Section summary 

The retina is a light-sensitive tissue of the eye that converts light rays into electrical signals for 

image processing. With one of the highest rates of blood flow in the body, a continuous blood 

flow through the primary retinal vasculature, the choroid, is crucial for vision. A balance of pro-

angiogenic and anti-angiogenic factors is required for the maintenance of normal retinal 

vasculature, but this is compromised in ischaemia (loss of blood flow) and inflammation of the 

retina. As a result, neovascularisation is stimulated which can lead to oedema, retinal 

detachment, and vision loss if left untreated. These pathologies are common in, but not exclusive 

to, retinal ischaemia-reperfusion injury, diabetic retinopathy, and age related macular 

degeneration. Connexin43 plays a key role in intercellular communication and its expression is 

altered in retinal pathology. This section outlined connexin43 channels as a potential therapeutic 

target to protect the choroidal vasculature in retinal injury and disease. Similar principles for 

hemichannel roles applies to other central nervous system injuries including cerebral ischaemia 

(Davidson et al., 2014; Davidson et al., 2013a; Davidson et al., 2012) and spinal cord injury 

(O'Carroll et al., 2013b).  
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Figure 2.3. Connexin43 in the retina. Connexin43 protein is highly expressed in the cells of 

the blood-retinal barrier (BRB), including in astrocytes, the endothelium, and pericytes. 

Pannexin1 is a plasma membrane channel expressed in the endothelial, glial and neuronal cells 

of the retina (Kurtenbach et al., 2014). Pannexin channels are discussed in detail in section 2.11 

and 2.12. The BRB is the interface between the vascular lumen and the neural retina that controls 

the exchange of nutrients and waste products. Breakdown of the BRB is a common feature 

reported in retinal injury and disease including in retinal ischaemia-reperfusion injury, diabetic 

retinopathy, and age-related macular degeneration. Connexin43 hemichannel and gap junction 

channel gating mechanisms are oppositely regulated, which suggests that in injury gap junction 

channels uncouple but hemichannel activity is heightened. 
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Section three: Current models and challenges of assessing connexin 
channels in vitro  

2.11. The innexin/pannexin channels 

A layer of complexity was added with the discovery of pannexin channels, the vertebrate 

counterpart of invertebrate connexins analogues (innexins) (Baranova et al., 2004; Phelan et al., 

1998). The pannexins are a family of channel forming proteins with three isoforms that are 

highly conserved with respect to their innexin counterparts (Baranova et al., 2004; Panchin et 

al., 2000; Penuela et al., 2013). Pannexin1 (Baranova et al., 2004) and pannexin2 (Swayne et 

al., 2010) are highly expressed in the central nervous system, and pannexin3 expression is 

reported in synovial fibroblasts and osteoblasts (Baranova et al., 2004). Pannexin1 is localised 

to the plasma membrane, whereas pannexin2 is primarily expressed in the intracellular 

membranes (Boassa et al., 2014; Wicki-Stordeur et al., 2013). In the eye, pannexin1 channels 

are found in the retina, lens, and cornea (Dvoriantchikova et al., 2006; Kranz et al., 2013). 

2.12. Similarities and differences between connexin43 and pannexin channels 

2.12.1 Structure 

The innexin/pannexins do not share sequence homology with connexins, but exhibit similar 

structural features, being transmembrane proteins with intracellular N- and C-termini (Baranova 

et al., 2004; Bruzzone et al., 2003). Pannexin1 and pannexin3 isoforms oligomerise as hexamers 

to form membrane channels, but pannexin2 has been proposed to form either heptamers or 

octomers (Ambrosi et al., 2010; Boassa et al., 2007). Pannexin1 and pannexin3 share a common 

trafficking pathway with connexins. The translation of pannexin mRNA occurs in the ER before 

assembly in the ER/Golgi secretory pathway for delivery to either the intra- or extra-cellular 

membranes (Bhalla-Gehi et al., 2010). When compared to connexin43 channels, pannexin1 and 
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pannexin3 are long-lived at the plasma membrane (Gehi et al., 2011) and are destined for 

degradation via the lysosomal pathway (Penuela et al., 2007).  

The general consensus is that pannexin channels only form singular membrane ‘hemichannels’ 

(Boassa et al., 2007; Dahl and Locovei, 2006; Lai et al., 2007; Locovei et al., 2006a; Penuela et 

al., 2007), although pannexin gap junction channels have been reported in transfected C6 glioma 

cells (Lai et al., 2007), C2C12 myoblast cells (Ishikawa et al., 2011), and oocytes (Bruzzone et 

al., 2003) where pannexins were artificially overexpressed. Unlike connexin gap junction 

plaques, pannexins are not expressed on the membrane as clusters or dense arrays  (Goodenough 

et al., 1996). 

The inability of pannexin channels in general to form gap junction channels may be attributed 

to differences in the extracellular loop structure. Pannexin channels have 4 cysteine residues 

rather than the 6 reported for connexin channels (Phelan et al., 1998), and the disulphide bonds 

between cysteines are necessary for the docking mechanism (Foote et al., 1998). Furthermore, 

pannexin channels have highly glycosylated extracellular loops that could sterically interfere 

with their docking (Boassa et al., 2007; Penuela et al., 2007).  

2.12.2 Function  

Factors that trigger connexin hemichannel opening can also activate pannexin channels. For 

example pannexin channels are also responsive to mechanical stimulation (Bao et al., 2004) and 

increases in [Ca2+]i (μM range) (Locovei et al., 2006b). In contrast to connexin hemichannels, 

pannexin channels do not respond directly to changes in extracellular [Ca2+]e (Ma et al., 2009; 

Sandilos et al., 2012). However, lowering [Ca2+]e can increase ATP release which will indirectly 

activate pannexin1 channels via the ATP dependent purinergic P2Y or P2X7 receptors 
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(Poornima et al., 2012). A rise in extracellular ATP (regardless of the mechanism) leads to the 

transient activation of pannexin1 channels (Locovei et al., 2006b). While strong membrane 

depolarisation is required to open connexin43 hemichannels (see section 1.4.1), pannexin 

channels can open within the -20 to 20 mV range with a conductance of ~550 pS (Bao et al., 

2004). The caspase-cleavage site within the C-terminal tail is unique and essential for pannexin 

channel activation in apoptosis (Chekeni et al., 2010). 

Examples of the physiological roles of pannexin1 channel include visual information processing 

(Kranz et al., 2013) and the regulation of the morphology and behaviour of ‘resting’ microglia 

in the retina (Fontainhas et al., 2011). Activated pannexin1, connexin hemichannels, and P2X7R 

mediate the release of ATP from swollen trabecular meshwork cells, where pannexin1 and 

connexin hemichannels equally account for approximately 80% of the ATP release (Li et al., 

2010). The previous example highlights the similarity between pannexin and connexin 

hemichannel roles, which adds to the complexity of differentiating these channels in cellular 

injury. Pannexin channels are also permeable to small signalling molecules (< 1kDa), which 

includes Ca2+ (Vanden Abeele et al., 2006), glutamate (Wei et al., 2016), and ATP (Cotrina et 

al., 1998; Elliott et al., 2009). Pannexin1 channels release ATP/UTP from apoptotic cells as a 

‘find-me’ chemotactic signal to recruit phagocytes for prompt removal without activating 

inflammatory cells (Chekeni et al., 2010; Elliott et al., 2009). Furthermore, pannexin1 channels 

are regulated by ATP in an inhibitory feedback mechanism to prevent chronic ATP release (Qiu 

and Dahl, 2009), but it is unknown whether connexin43 hemichannels are regulated by a similar 

mechanism.  

The timing of connexin and/or pannexin channel opening as a result of ischemia and their 

relative roles in subsequent pathology remains unclear, because much of the literature does not 
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distinguish between those events occurring during ischemia as opposed to those occurring after 

ischemia. A major constraint in discriminating the roles that these respective channels play is 

the limited availability of suitable research tools. The following section discusses some of the 

commonly used models for assessing connexin hemichannel function.  

2.13. Models for assessing connexin hemichannel function 

The three major methods for examining connexin and pannexin channel activity in vitro include 

fluorescent dye uptake or release, electrophysiological readouts, and ATP quantification.  

As mentioned earlier (section 2.5) small synthetic fluorescent dyes have been routinely used as 

a fast, simple and low-cost method for studying hemichannel or gap junction activity (for 

review, see (Saez and Leybaert, 2014)). For these in vitro dye assays to work, an appropriate 

stimulus is required to open connexin or pannexin channels (e.g. voltage stimulation) in order 

to visualize the movement of fluorescent dye across the pore. The properties of the fluorescent 

dye, including molecular size, charge, and fluorescence excitation/emission, have been used to 

study the permeability characteristics of different connexin isoforms (Weber et al., 2004). 

Examples of common fluorescent dyes used to study connexin channels include Lucifer yellow, 

propidium iodide, and ethidium bromide (Elfgang et al., 1995), and pannexins have shown 

permeability to YO-PRO-1 (629 Da) and TO-PRO-3 (671 Da) (Chekeni et al., 2010). However, 

these dyes are not selective or exclusive to these channels. The relevance of dye uptake to the 

permeability of physiological molecules has recently been challenged using a Xenopus Oocyte 

expression system (Hansen et al., 2014). Connexin30 and connexin43 hemichannels were highly 

selective to physiologically relevant molecules that did not equate to the uptake of synthetic 

fluorescent dyes (Hansen et al., 2014). Other studies have tried to mitigate the lack of correlation 
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by using 2-(N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino)-deoxyglucose (2-NBDG), a 

fluorescent glucose derivative, to model hemichannel uptake mechanisms (Retamal et al., 2007).  

Electrophysiology has been the gold standard for investigating connexin and pannexin channels 

owing to the distinct conductance profile. The conductance of connexin43 hemichannels has 

been characterised as 165-220 pS (Contreras et al., 2003; Kang et al., 2008; Wang et al., 2012a), 

and ~550 pS has been reported for pannexin1 channels (Bao et al., 2004). However, 

electrophysiology is invasive and the experimental conditions may not truly reflect the cellular 

environment. As mentioned earlier in the chapter, connexin channels exhibit both voltage- and 

chemical-gating mechanisms that are appropriate for the cell type they are expressed in. For 

electrophysiology, however, connexin channels are typically overexpressed in non-electrical 

cells (e.g. HeLa cells) that would otherwise not show voltage gating properties. Furthermore, 

the flow of current may not equate to the flux of physiological signalling molecules. The 

following table outlines the advantages and disadvantages of some of the commonly used 

experimental techniques to study connexin channel function.  

Table 2.2: A summary of approaches used to study connexin channel function with 

advantages and disadvantages of each. These approaches include the use of tracers permeable 

to hemichannels, quantification of released molecules, electrophysiological recordings of 

hemichannel currents, and genetic manipulation of connexin isoforms. These techniques have 

greatly contributed to the identification of many unique features of connexin hemichannels. 

These models, however, have limitations and have given variable results between laboratories.  
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Technique  Description  Advantages  Disadvantages 

Dye uptake or efflux Hemichannel activity is 

quantified as a direct function 

of permeability to fluorescence 

reporter dyes in vitro and in situ 

Simple technique 

Low cost 

High-contrast fluorescence  

Wide range of reporter dyes with 

differences in net charge and M.W.  

Can be high-throughput 

Influx/efflux of dye ≠ Flux of physiological molecules 

Irreversible reaction 

Low temporal resolution 

Non-specific (i.e. permeation through other channels and 

some dyes are also markers for dead cells, such as 

propidium iodide) 

Electrophysiology Hemichannel kinetics and gating 

properties are determined 

through patch-clamp recordings 

of hemichannel currents in 

whole-cell, cell-attached, or 

excised patch methods 

Distinct conductance signature 

High temporal resolution 

Reversible reaction (i.e. drug wash-out) 

Technically demanding 

Expensive equipment 

Low-throughput 

Flow of current ≠ flux of physiological molecules 

Invasive 

Non-specific (Differentiating channels with similar 

conductance and/or the number of channels) 

Knockout animal models Targeted deletion of genes for 

understanding contribution of 

specific connexin isoforms to 

function 

Stable 

Highly specific to connexin isoform 

Single mechanism 

A stable population may be obtained 

Specialist equipment required 

Suitable for a limited number of species 

Expensive set up and maintenance costs 

Phenotypes may be lethal 

Perturbations in one area may mask others 

Internal controls are not possible 

Non-specific (Hemichannels or Gap junctions) 

Knockdown animal models 

(antisense 

oligodeoxynucleotides, 

RNAi, morpholinos)  

As for knockout but targeted 

reduction, not deletion 

Highly specific to connexin isoform 

Single mechanism, Transient 

Not species constrained 

Dose controllable, Low cost  

Can be topically targeted (spatial 

specificity) 

Compensation by related gene family 

members less likely  

Good consequence design can be complex 

Non-specific (Hemichannels or Gap junctions) 
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2.14. Connexin pharmacology and therapeutics 

Pharmacological tools have also been used to understand connexin and pannexin channel roles. 

Initially non-specific pharmacological agents were widely used to inhibit connexin channels, 

including fatty acids (e.g. arachidonic, doxyl stearic, oleic, palmitoleic, oleamide), volatile 

anaesthetics (e.g. halothane, ethane), alcohols (e.g. octanol, heptanol), steroids such as 18β-

glycyrrhetinic acid and its water soluble derivative carbenoxolone, or quinine and its derivatives 

(e.g. mefloquinine) (Herve and Sarrouilhe, 2005). For example, carbenoxolone has been shown 

to inhibit both connexin and pannexin channels, although with a higher affinity for pannexin 

channels (EC50 = ~5 µM) compared to connexin43 hemichannels (10-100 µM) (Ye et al., 2003). 

These non-selective agents are limited in therapeutic application, as they cannot discriminate a 

gap junction channel from a connexin hemichannel or other membrane channels.  

As such, the sequence dissimilarity between connexin and pannexin proteins was explored 

which led to the development of mimetic peptides that could selectively inhibit connexin 

channels (De Vuyst et al., 2011; Evans et al., 2012; Iyyathurai et al., 2013; O'Carroll et al., 

2013a) or pannexin channels (Pelegrin and Surprenant, 2006). These mimetic peptides are 

synthetic sequences that copy the intra- or extra-cellular amino acid motifs of the connexin or 

pannexin channel protein. The final section of this chapter outlines pharmacological tools that 

regulate connexin channels by a) inhibiting its expression or b) decreasing the probability of 

connexin channel opening. In particular, focus is placed on compounds that have therapeutic 

potential.    
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2.14.1 Connexin43 antisense 

Antisense oligodeoxynucleotides (AsODNs) are short-chain nucleotides that bind to 

complementary mRNA in an isoform specific manner. Once bound, AsODNs transiently 

prevent protein translation and reduce the expression of the target gene (Law et al., 2006). 

Hence, the primary advantages of connexin43 AsODNs are its specificity and transient mode of 

action. Unmodified connexin43 AsODNs has a short cytoplasmic half-life of 20 minutes (or 1 

to 2 minutes in serum), but they can be incorporated into a thermo-reversible Pluronic gel carrier 

to achieve sustained release. Application of connexin43 AsODNs has shown to improve 

functional outcomes in in vivo models of skin wounds (Qiu et al., 2003), burns (Coutinho et al., 

2003), spinal cord injury (Cronin et al., 2008), and corneal ocular surface wounds (Deva et al., 

2012; Grupcheva et al., 2012). In patients with a non-healing chemical/thermal burn of the 

limbus and conjunctiva (Dua grade V–VI) (Dua et al., 2001), connexin43 AsODNs successfully 

restored corneal epithelialisation by reducing inflammation, and restoring vascular flow and 

limbal reperfusion (Ormonde et al., 2012).  

2.14.2 Connexin mimetic peptides 

 Intracellular Peptides 

An advantage of intracellular mimicking peptides is the potential to achieve a high degree of 

specificity, as the intracellular domain of the connexin protein exhibits the most variability 

between connexin isoforms. However, intracellular peptides require conjugation to a cell-

penetrating peptide to be delivered into the cell. Intracellular peptides of connexin43 protein 

have been exploited though to specifically inhibit hemichannels without influencing gap 

junctions (Ponsaerts et al., 2010; Wang et al., 2013b). This section discusses some of the 

commonly used intracellular peptides for connexin43.  
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Table 2.3: Intracellular mimetic peptides of connexin43. Underlined sequence denotes cell 

penetrating peptide. Antennapedia for ACT1 and TAT for TAT-CT10 and TAT-Gap19. A.A. 

denotes amino acid. For source references please refer to the relevant portions of the text. 

Name Sequence Corresponding 

domain 

CT9 RPRPDDLEI A.A. 374–382 

ACT1 RQPKLWFPNRRKPWKKRPRPDDLEI A.A. 374–382 

SH3-binding 

domain 

CSSPTAPLSPMSPPGYK A.A. 271–287 

TAT-CT10 YGRKKRRQRRRSRPRPDDLEI A.A. 373–382 

L2 DGVNVEMHLKQIEIKKFKYGIEEHGK A.A. 119–144 

Gap19 YGRKKRRQRRRKQIEIKKFK A.A. 128–136 

Src homology 3-binding domain peptide 

Src homology 3 (SH3)-binding domain peptide is a 17-mer peptide derived from amino acids 

271 to 287 of connexin43 protein, which prevents acidification induced uncoupling of 

connexin43 gap junction channels (Calero et al., 1998). SH3-binding peptide has been proposed 

to prevent ‘ball-and-chain’ interaction of pH gating or interfere with tyrosine phosphorylation 

by the SH3 domain of the v-Src protein (Kanemitsu et al., 1997).  

L2 peptide 

The L2 region on the cytoplasmic loop (amino acids 119-144) is a binding site for the C-terminal 

tail in connexin43 channels (Seki et al., 2004). The unitary conductance of connexin43 gap 

junction channels were not affected by the application of L2 peptide, suggesting that L2 prevents 

the intramolecular tail/loop interaction to promote the open state (Seki et al., 2004). However, 

the mode of action was later revised by conjugating L2 to a plasma membrane permeable 

peptide, HIV-derived TAT, to achieve efficient delivery into the cell (Ponsaerts et al., 2010). 

The TAT-L2 peptide has been shown to inhibit connexin43 hemichannels that were triggered to 

open in response to a lowered [Ca2+]e or increase in intracellular [Ca2+] (Ponsaerts et al., 2010).  
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Gap 19 

Gap19 is the shorter variant of the L2 peptide that specifically binds to the C-terminal tail of 

connexin43 hemichannels (Wang et al., 2013b). Gap19 takes advantage of the differential CT-

CL gating mechanism of hemichannels and gap junction channels to achieve specificity (see 

section 1.4.2.2.1). In another words, the Gap19 peptide prevents the CT-CL interaction of 

connexin43 to selectively close the hemichannel but keep the gap junction channels open (Wang 

et al., 2013b). Gap19 had no effect on connexin40 or pannxin1 channels, which further supports 

its specific mode of action (Wang et al., 2013a). Gap19 has also been conjugated to TAT in 

order to achieve intracellular delivery. TAT-Gap19 has been successful in a) reducing swelling 

and improving cell viability following ischaemia/reperfusion in isolated cardiomyocytes in vitro 

and b) reducing infarct size in the heart in vivo (Wang et al., 2013b). In a CNS model, TAT-

Gap19 has been shown to specifically inhibit astroglial connexin43 hemichannels in a dose-

dependent manner without affecting gap junction channels (Abudara et al., 2014). A half-

maximal TAT-Gap19 concentration of ~142µM inhibited glutamate induced ATP release, and 

a half-maximal Gap19 concentration of 250 μM inhibited TNFα/IL-1β or zero [Ca2+]o triggered 

hemichannel dye uptake (Abudara et al., 2014). Taken together, Gap19 has been promoted as a 

specific inhibitor of Connexin43 hemichannels.  

CT9/ACT1 Peptides 

CT9 is a peptide that is analogous to the 9 amino acids of the C-terminal tail of connexin43 

protein. To date, CT9 peptide has three proposed mechanisms which include (i) binding to the 

cytoplasmic loop domain (Hirst-Jensen et al., 2007; Ponsaerts et al., 2010), (ii) binding to zonula 

occludens-1 (ZO-1) of the PDZ-2 (postsynaptic density protein 95 (PSD95)/The Discs large 

protein (dlg)/ZO-1)-2 domain (Hunter et al., 2005; Sorgen et al., 2004), and (iii) increasing 
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phosphorylation of connexin43 (PKC-epsilon-mediated) following ventricular injury (O'Quinn 

et al., 2011; Palatinus et al., 2011). ACT1 is the cell permeable form of CT9 peptide and inhibits 

ZO-1, a protein that regulates protein targeting and signal transduction by increasing the size of 

connexin43 gap junction plaques (Hunter et al., 2005). Altered ZO-1 function was associated 

with an increase in connexin43 gap junction communication and decreased connexin43 

hemichannel function (Hunter et al., 2005). Application of ACT1 has been suggested to provide 

cardioprotection in a cryo-injury model (O'Quinn et al., 2011), but it is still unclear which of the 

three mechanisms ACT1 acts by to produce its therapeutic effects. 

 Extracellular Peptides 

Peptides targeting the extracellular loops that inhibit either hemichannels only, or both 

hemichannels and gap junctions in a time- or concentration-dependent manner are available for 

connexins; connexin32, connexin37, connexin40 and connexin43 (Evans et al., 2012; O'Carroll 

et al., 2008; Ponsaerts et al., 2010; Wang et al., 2012a). Based on this approach, a synthetic 

extracellular mimetic peptide has also been developed to block pannexin1 channels, termed 

10Panx1 (Pelegrin and Surprenant, 2006). This section specifically explores extracellular 

peptides for connexin43 channels, Gap26, Gap27 and Peptide5 (Table 2.4). 

Table 2.4: Extracellular mimetic peptides of connexin43. A.A denotes amino acid. For source 

references please refer to the relevant portions of the text. 

Name Sequence Corresponding domain 

43Gap26 VCYDKSFPISHVR A.A. 63–75 
43Gap27 SRPTEKTIFII A.A 201–211 

Peptide5 VDCFLSRPTEKT A.A 196–207 
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Gap26 and Gap27 

Gap26 and Gap27 are extracellular peptides that correspond to the first and second extracellular 

loops of the connexin43 protein respectively (Table 2.4) (O'Carroll et al., 2008). The initial 

mode of action studies of Gap26 and Gap27 focused on understanding how these mimetic 

peptides inhibit gap junction channels, as hemichannels were largely considered to be precursors 

to gap junction channels (for review, see (Evans, 2015; Evans et al., 2012)). It was thought that 

Gap26 and Gap27 interfered with the docking process to disrupt the formation of gap junction 

plaques (Evans and Boitano, 2001). Other modes of action proposed included steric inhibition 

of the intercellular cleft (Evans et al., 2006), conformational change induced closure (Chaytor 

et al., 1997), and separation of existing gap junction channels (Berthoud et al., 2000).  

The mode of action of Gap26 and Gap27 was further refined following increasing evidence that 

hemichannels possess functions of their own. Electrophysiology was used to show that Gap26 

and Gap27 inhibited unitary connexin43 hemichannel events (Wang et al., 2012a). Wang et al. 

(2013a) proposed that Gap26 and Gap27 stabilise the closed state of the channel rather than 

inhibiting an existing open channel (Wang et al., 2013a). According to the model, Gap26 and 

Gap27 would impose a higher voltage and/or chemical threshold for connexin43 hemichannels 

to open. In contrast, another group has argued that Gap26 and Gap27 should open hemichannels 

by mimicking the docking process of gap junction channels (Wang et al., 2007).  However, there 

is greater support for Gap26 and Gap27 as hemichannel blockers, a role which has been 

demonstrated through inhibition of unitary connexin43 hemichannel currents (Wang et al., 

2012a), Ca2+ signalling (De Bock et al., 2011), and neurotransmitter release (Orellana et al., 

2011b). For an extensive list of Gap26 and Gap27 applications in in vitro and in vivo model 

systems, readers are referred to a review by (Evans et al., 2012).  
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The time- and concentration-dependent properties of Gap26 and Gap27 have also been explored 

to achieve selective inhibition of hemichannels and gap junction channels. Two to three minutes 

of exposure to Gap26 was required to inhibit connexin43 hemichannel currents, (Wang et al., 

2012a), whereas 30 minutes was required to uncouple gap junction channels (Desplantez et al., 

2012). Gap26 (IC50 ~81 μM) and Gap27 (IC50 ~161 μM) effects were also concentration-

dependent, as scrambled peptide controls required at least 1 mM to achieve hemichannel 

inhibition (Wang et al., 2012a). Other examples of extracellular peptide mediated inhibition of 

hemichannels has been reported using dye uptake (Berman et al., 2002) and hemichannel-

mediated ATP release (Braet et al., 2003; De Vuyst et al., 2009; Orellana et al., 2011a). Gap27 

has also been shown to downregulate connexin43 protein expression in a concentration 

dependent manner. Higher concentrations (100–300 μM) or longer incubations were required to 

inhibit and downregulate connexin43 gap junction channels than for hemichannel inhibition (30 

μM of Gap27) (Glass et al., 2015).  

In vivo, a single bolus of Gap26 and Gap27 (1µg/kg) injected intravenously before or after the 

onset of cardiac ischaemia reduced infarct size in a rat model of myocardial infarction (Hawat 

et al., 2012). Similarly in a neonatal rat model of hypoxia/ischemia injury, Gap26 and Gap27 

treatment pre- or post-ischemia significantly reduced cerebral infarct volume (Li et al., 2015). 

A direct interaction between Gap26 and an exposed extracellular loop has been explored using 

atomic force microscopy (Liu et al., 2006), but the site of action of Gap26 and Gap27 is yet to 

be explained. The voltage sensing domain of TM1/EL1 has been proposed as the binding site 

for Gap26 and Gap27 (and Peptide5) (Desplantez et al., 2012; Wang et al., 2012a). Non-specific 

steric binding of extracellular mimetic peptides have also been proposed (Wang et al., 2007).  
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Connexin  mimetic Peptide5 (PeptagonTM) 

Peptide5 is an extracellular connexin mimetic peptide that was designed against the E2 sequence 

of connexin43, with 5 amino acids shifted in the NT2 direction to that of Gap27 (Table 2.4). 

Although the literature commonly categorises Peptide5, Gap26, and Gap27 together, Peptide5 

has a higher affinity for Connexin43 hemichannels when compared to Gap26 or Gap27. It is 

currently unknown how Peptide5 inhibits connexin43 hemichannels and gap junction channels 

in a concentration dependent manner and the site of action is also unknown. However, Peptide5 

has shown to significantly reduce swelling in an ex vivo preparation of spinal cord injury 

(O'Carroll et al., 2008). In vivo, brain intraventricular delivery of Peptide5 provided neuronal 

protection following perinatal ischaemia in a sheep model (Davidson et al., 2012) as did 

systemic delivery following retinal ischaemia-reperfusion injury (Danesh-Meyer et al., 2012).  

Tonabersat 

Tonabersat was identified in a structure-function study of anti-migraine compounds to have 

activity against neuronal hyper-excitability, inflammation (Chan et al., 1999), and cortical 

spreading depression (CSD) (Durham and Garrett, 2009). With promising pre-clinical data, 

Tonabersat progressed to phase II clinical trials as a prophylactic treatment for migraine 

(Goadsby et al., 2009; Hauge et al., 2009) and epilepsy (Bialer et al., 2013). There is one report 

which suggests that Tonabersat inhibits connexin26 gap junction formation between trigeminal 

neurons and satellite glial cells by attenuating the p38-mitogen-activated protein kinase 

(MAPK) pathway (Damodaram et al., 2009), a signal transduction cascade involved in 

inflammation and apoptosis (Guan et al., 1998). However, it is currently unknown whether 

Tonabersat modulates connexin43 hemichannels and/or gap junction channels.  
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2.15. Section summary 

Pannexin channels added another layer of complexity in understanding connexin hemichannel 

roles in injury, as pannexin channels have a similar permeability and activation profile. The 

connexin channel field utilises three common in vitro models to assess hemichannel activity, 

which include fluorescent dye uptake and release, electrophysiology measurements, and ATP 

quantification. These methods are used in conjunction with pharmacological tools to achieve 

directed inhibition of hemichannel activity through sequence specific approaches (e.g. 

connexin43 antisense and mimetic peptide). Connexin mimetic Peptide5 (PeptagonTM) has been 

shown to display a distinct concentration-dependent inhibition of hemichannel and gap junction 

channel activity with a high efficacy for hemichannel inhibition. In a retinal ischaemia-

reperfusion model, connexin43 mimetic peptide5 has been shown to reduce vascular leak and 

spare retinal ganglion cell death. However, its site and mode of action are not understood. 

Another promising compound, Tonabersat, has been tested in phase II clinical trials with its 

proposed mode of action targeting intercellular communication. However, its mode of action 

has again not been well characterized. Therefore, the rest of the thesis experimentally explores 

the differentiation of pannexin and connexin channel roles in injury and characterizes the mode 

of action of connexin mimetic Peptide5 and Tonabersat as promising connexin therapeutics for 

retinal injury and disease.    
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Chapter 3. General methods and 
Materials 

3.1. Cell culture 

The human cerebral microvascular endothelial (hCMVEC) cell line was purchased from 

Applied Biological Materials (ABM) Inc, Canada (cat # T0259) (O'Carroll et al., 2015). The 

hCMVEC line was grown in M199 media (Gibco), supplemented with 10% FBS, 1 μg/mL 

hydrocortisone (Sigma), 3 μg/mL human FGF (Peprotech), 10 μg/mL human EGF (Peprotech), 

10 μg/mL heparin (Sigma), 2 mM Glutamax (Gibco), and 80 μM butyryl cAMP (Sigma), 

henceforth referred to as growing media. Experiments were conducted in low-serum plating 

media containing 2% FBS. Cells were cultured in 1 μg/cm2 collagen I (Gibco) coated T25 or 

T75 flasks. Human retinal pigment epithelial cells (ARPE-19) were cultured in DMEM/F:12 

(Invitrogen), supplemented with 10% FBS and 1% Antibiotic-Antimycotic (100X) (Thermo 

fisher scientific). All cells were grown to 80–90% confluence in T25 or T75 flasks coated with 

1 μg/cm2 collagen I (Gibco); trypsinised using TrypLE Express (Life technologies); split at a 

1:3–1:5 ratio, and cultured at 37°C incubators with 95% O2 and 5% CO2 unless stated otherwise. 

3.2. Drug treatments 

Connexin43 mimetic peptide (Peptide5, sequence VDCFLSRPTEKT) (Auspep, Australia) was 

synthesized at a purity of >95% and dissolved in Milli-Q® H2O (Millipore Corporation) to give 

a stock concentration of 10 mM (Danesh-Meyer et al., 2012; O'Carroll et al., 2008). A scrambled 

sequence of Peptide5 (RFKPSLCTTDEV) (Auspep, Australia) was synthesized at a purity of 

>95% and dissolved in Milli-Q® H2O (Millipore Corporation) at a stock concentration of 10 

mM, which was used initially as a Peptide5 control. A standard concentration of 100 µM 
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concentration was used for Peptide5, which is slightly higher than the 5–50 µM known to induce 

hemichannel block (O'Carroll et al., 2008). This was to ensure that any results with peptides that 

might have reduced functional efficacy (particularly relevant for modified peptides in chapter 

5) would still fall within a measurable range.  

Carbenoxolone (CBX, Sigma), a non-specific blocker of both connexin and pannexin channels 

(Chekeni et al., 2010) and a broad-spectrum inhibitor of gap junction channels (Salameh and 

Dhein, 2005), was dissolved in Milli-Q® H2O at a stock concentration of 10 mM. A non-specific 

hemichannel inhibitor, Lanthanum chloride (LaCl3, Sigma) (Mylvaganam et al., 2014) was 

dissolved in Milli-Q® H2O at a stock concentration of 1 mM. Probenecid (C13H19NO4S, Sigma) 

was solubilised in 1 M NaOH at a concentration of 50 mg/mL and was used at a final 

concentration of 1 mM as reported previously (Bao et al., 2004; Chekeni et al., 2010; Orellana 

et al., 2011b; Ransford et al., 2009; Silverman et al., 2008). Probenecid was used to block 

pannexin channel opening in order to characterise connexin43 hemichannels in isolation. 

Probenecid, used for the treatment of gout, has been shown to inhibit pannexin1 channels 

without affecting connexin channels (Silverman et al., 2008). All other drugs were used at a 

concentration of 100 µM unless otherwise specified. 

3.3. Immunohistochemistry and imaging 

The following general steps were conducted at room temperature. Cells were fixed in 4% 

paraformaldehyde (PFA) (ProSciTech) at pH 7.4 in PBS with 0.1 mM CaCl2 for 10 min, 

permeabilised with 0.05% Triton-X100 in PBS, and incubated in 10% normal goat serum for  1 

hour to block non-specific labelling. Cells were rinsed three times with PBS containing 0.1 mM 

CaCl2 between each fixation, permeabilisation, and blocking steps. Cells were incubated 
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overnight in primary antibody solutions at dilutions specified in Table 3.1 using PBS with 0.1 

mM CaCl2. Chamber slides were subsequently washed three times with PBS containing 0.1 mM 

CaCl2 for 10 minutes and incubated for a further 45 minutes in fluorophore conjugated 

secondary antibody (Table 3.1). Following the second period of incubation, nuclei were counter-

labelled with DAPI (Invitrogen) at 10,000-fold dilution for 5 minutes and washed three times 

with PBS containing 0.1 mM CaCl2. Slides were mounted with anti-fade medium (Citiflour AF-

1) and imaged using an Olympus FV1000 confocal laser scanning microscope (405 nm, 473 

nm, and 559 nm wavelength lasers). 

 

 

 

 

 

 

 

 

  



Chapter 3: General methods and materials 

49 

 

Table 3.1: Primary and secondary antibodies used in this thesis  

 

 

  

Protein of 

interest 

Host 

(1° Ab) 

Sequence 

(1° Ab) 

Amino acid 

(1° Ab) 

Source and catalogue 

number 

(1° Ab) 

Dilution 

ratio 

(1° Ab) 

Fluorophore 

conjugated 

(2° Ab) 

Source and catalogue 

number 

(2° Ab) 

Dilution 

ratio 

(2° Ab) 

Cx43 Rabbit 

polyclonal 

Cytoplasmic 

tail  

363-382 of 

human 

Sigma, C6219 1:2000 Goat anti-Rabbit 

Alexa 568 

Invitrogen, 

#A11036 

Lot 414667 

1:500 

Pannexin-1 Rabbit 

polyclonal 

N-terminus Unspecified Invitrogen,  

#487900 

1:250 Goat anti-Rabbit 

Alexa 568 

Invitrogen, 

#A11036 

Lot 414667 

1:500 

Pannexin-2 Rabbit 

polyclonal 

C-terminus Unspecified Invitrogen 

#422800 

1:250 Goat anti-Rabbit 

Alexa 568 

Invitrogen,  

#A11036 

Lot 414667 

1:500 
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3.4. Immunohistochemistry image quantification 

The Transfluor feature in MetaXpress® Image acquisition and analysis software (Version 

5.3.0.1, Molecular Devices) was used to quantify the total area of Connexin43 plaques per 

image. Results represent mean ± 95% CI, and statistical tests were conducted using one-way 

ANOVA and Tukey’s multiple comparisons test.  

3.5. Ischemia-reperfusion model  

3.5.1 Preparation 

The human brain endothelial cells (hCMVEC) were plated in 12-well plates coated with 1 

μg/cm2 Collagen I Rat tail protein (Gibco) at a density of 0.025 x 106 cells per well a day prior 

to the experiment and incubated in culture media overnight. Hypoxic, acidic, ion-shifted Ringer 

injury solution that mimics ionic concentrations and acid-base shifts of the interstitial space in 

hypoxic-ischemic brains (Bondarenko and Chesler, 2001a) was used to trigger hemichannel 

opening. Solutions were made on the day of the experiment. The injury solution contained: 38 

mM NaCl, 13 mM NaHCO3, 3 mM Na-gluconate, 65 mM K-gluconate, 38 mM NMDG-Cl, 1 

mM NaH2PO4, and 1.5 mM MgCl2. The injury solution was bubbled in 95% N2/5% CO2 gas 

(20 L/min) for 5 minutes and pH adjusted to 6.6 with 5M HCl before use. The standard ringer 

solution contained: 124 mM NaCl, 3 mM KCl, 26 mM NaHCO3, 26 mM NaHCO3, 1 mM 

NaH2PO4, 1.3 mM CaCl2, 1.5 mM MgCl2, and 10 mM Glucose, and the pH was adjusted to 7.4 

with 5M HCl before use (Bondarenko and Chesler, 2001a).  

3.5.2 Quantification  

At the end of injury (ischaemia)-only or ischaemia-reperfusion paradigms, the solutions were 

immediately transferred to the 96-well black flat bottom plate and placed on ice (Fig 3.1).  
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Figure 3.1: Standard layout of a 96-well plate for determining ATP from samples. Serial 

dilutions were performed in column A starting at A2 (black arrow). Standard reaction solutions 

are shown in grey. ATP samples (20 µL) were transferred from column A to B. Test samples 

(20 µL) in column C (black) were transferred to D, E and F for triplicate measurement. 

 The concentration of ATP in the samples was determined using a Luciferin/luciferase 

bioluminescence reaction (ATP Determination Kit, Molecular Probes) and detected using a 

luminescence plate reader (VICTOR X, Perkin Elmer #2030-0010) with an emission maximum 

of ~560 nm at pH 7.8. 

 

Figure 3.2: Bioluminescence reaction for quantitative determination of ATP using 

recombinant firefly luciferase and the substrate D-luciferin.  
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3.5.3 Analysis  

 

Figure 3.3: An example of a standard curve from ATP concentration samples of 0-500 nM. 

The arbitrary bioluminescence units are converted into ATP concentration (nM) using an 

equation of best fit from the standard curve, y = mx + c, where x represents the unknown ATP 

concentration. A standard curve value with an R2 value of ≥ 0.99 was used for further analysis. 

Standard curves were generated with an ATP standard (0 to 500 nM) in every experiment in 

order to convert bioluminescence units into ATP concentration. Triplicate readings were taken 

per well (Fig 3.3), and the whole plate was read ten times to obtain an average reading. The data 

are presented as mean ± 95% confidence interval (CI) relative to the injury or injury-reperfusion 

positive control. Statistically significant differences between samples were tested using one-way 

analysis of variance (ANOVA) and Tukey’s multiple comparisons test.  

3.6. Scrape loading assay 

The hCMVEC cells were plated in 1 μg/cm2 collagen I (Gibco) 12-well plate at a density of 0.4 

x 106 cells per well and cultured until confluent.  



Chapter 3: General methods and materials 

53 

 

The hCMVEC cells were washed three times with phosphate buffered saline (PBS) without Ca2+ 

or Mg2+. The cells were then incubated in 0.05% Lucifer Yellow (LY) (Sigma), a fluorescent 

dye that is transferred through coupled gap junction channels (el-Fouly et al., 1987), in the 

absence or presence of drug treatments, and scrape-wounded with a size 10 carbon steel surgical 

blade (Swann-Morton, England). Following 5-minute incubation at 37°C in 95% O2 and 5% 

CO2 without light, the 0.05% LY solution was removed. Cells were rinsed four times with PBS 

containing Ca2+ or Mg2+, and then fixed in 4% paraformaldehyde (PFA) in PBS at pH 7.4 for 

10 minutes at room temperature. Cells were then washed 3 times in PBS to remove PFA before 

fluorescent imaging. Fluorescent images were visualised using a Nikon TE2000E inverted 

fluorescent microscope (10x magnification, 0.3 numerical aperture), and captured using a 

Digital Sight CCD camera and Eclipse Net software (Nikon). Three images were taken within 

each well for three independent experiments and used for analysis, and the total number of cells 

showing dye uptake from those that had been loaded were counted manually by masked 

observers.  
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Chapter 4. Assessing hemichannel 
function in an in vitro model  of 

ischaemia-reperfusion injury  

 

 

The contents of this chapter are in press for publication in Kim, Y and Green, CR. Assessing 

connexin hemichannel function during ischemic injury and reperfusion. Gap junction 

channels and hemichannels “A Volume in the Methods in Signal Transduction Series” 2016 

Editors: Donglin Bai and Juan C. Sáez. CRC Press, Taylor & Francis Group. 

 

Characterising the mode of action of connexin therapeutics requires robust hemichannel assays 

that can a) clearly define the hemichannel response and b) differentiate its response from other 

channels. This chapter shows the development of a novel in vitro model that utilises hypoxic 

acidic ion-shifted ringer (HAIR) solution to examine hemichannel mediated ATP release during 

ischemia injury, and separately during post-ischaemia reperfusion. Furthermore, the model 

compares connexin hemichannels with pannexin channels that are also reported to open in 

cellular injury. Results from this chapter suggest that the amount of ATP released from open 

connexin hemichannels during ischemia is more than one and half times that released through 

pannexin channels. Following reperfusion, however, open connexin hemichannels alone may 

account for most of the ATP released from those two channel types.  

4.1. Introduction  

The stimulants most commonly used to mimic injury and characterise hemichannel function in 

vitro include low divalent cation extracellular solution, membrane depolarisation, and metabolic 

inhibition. However, these stimulants reflect only a small portion of the change that occurs in 
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vivo especially when used in isolation. This is evident in an acute injury of the brain (Hansen, 

1985) and the spinal cord (Young et al., 1982) where [Ca2+]e can dramatically fall by 90% of 

the normal value. At the same time, the injured site is also subject to membrane depolarisation, 

acidosis (Rosner and Becker, 1984), and a decline in both extracellular Na+ and Cl- 

concentrations (Hansen, 1985). Moreover, glucose and oxygen deprivation lead to energy failure 

and oxidative stress (reviewed in (Werner and Engelhard, 2007)).  

The present chapter utilises HAIR solution (Bondarenko and Chesler, 2001b) to study 

hemichannel function, as it comprehensively mimics the complex changes of an acute injury 

that extends to a reperfusion injury in vitro. Furthermore, the proposed model incorporates and 

extends the commonly used oxygen and glucose deprivation (OGD) strategies to mimic CNS 

ischemia in vitro (for examples, see (Plesnila et al., 2001; Strasser and Fischer, 1995; Tasca et 

al., 2015; Xu et al., 2000)) by also accounting for the ionic- and acid-shifts that are present in 

ischemia and reperfusion injury. The rationale for the model is further supported by hemichannel 

gating mechanisms that are sensitive to pH (Saez et al., 2005; Wang et al., 2012b) and ionic 

shifts (Lopez et al., 2014; Verselis and Srinivas, 2008). Since connexin43 hemichannels are 

highly permeable to ATP (Goldberg et al., 1999), the following model also utilises a highly 

sensitive bioluminescence method to quantify connexin43 hemichannel activity as a function of 

ATP release. As pannexin channels also release ATP during cellular injury (Baranova et al., 

2004; Godecke et al., 2012; Penuela et al., 2013; Weilinger et al., 2012), established 

pharmacological tools (peptide5 and probenecid) were also utilised to differentiate the connexin 

hemichannel response from pannexin channels.  

The aim of the present chapter is to develop a robust in vitro assay that defines connexin 

hemichannel and pannexin channel function in ischaemia injury, and separately in reperfusion. 
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This chapter tests some of the current in vitro methods used to assess hemichannel function and 

lead to the development of an assay that tests connexin hemichannel (or pannexin channel) 

function in vitro. The major outcomes of the chapter will provide a foundation for characterising 

the mode of action of connexin mimetic Peptide5 (PeptagonTM) and Tonabersat in subsequent 

chapters.  

4.2. Methods 

4.2.1 Cell culture 

Cx43IRESeGFP (Fig. 4.1) (gift from Prof. K. Willecke, University of Bonn) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS) and 1 µg/mL 

Puromycin. HeLa cells were grown to 80-90% confluence in T25 or T75 flasks, trypsinised 

using TrypLE Express (Life technologies), split at 1:5 ratio, and cultured at 37°C, with 95% O2 

and 5% CO2 unless stated otherwise. Connexin-deficient HeLa cells were also grown under the 

same conditions except that Puromycin was omitted in the culturing medium. For hCMVEC cell 

culture methods see section 3.1 in chapter 3.  

 

Figure 4.1: Bicistronic Cx43-IRES-eGFP mRNA transcript. The mCx43, Puromycin 

resistance, and green fluorescent protein (eGFP) are independently co-expressed from the same 
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mRNA transcript. The transcript was constructed and transfected by Prof K.Willecke, 

University of Bonn, Germany. 

4.2.2 Drug treatments 

See section 3.2 of chapter 3 for details on Peptide5, scrambled Peptide5, LaCl3, CBX and 

Probenecid.  

4.2.3 Immunohistochemistry  

Cx43IRESeGFP HeLa cells were labelled for positive Connexin43 expression using 

immunohistochemistry. Cells were seeded at 0.05 x 106 per well in 8-well microscope chamber 

slides made of sterile glass (Falcon, Corning Life Sciences), with the monolayer immuolabelled 

at ≥80% confluency. For Connexin43 and nuclei labelling see section 3.3 in chapter 3.  

4.2.4 Hypoxia paradigm 

HeLa cells were plated at the sub-confluent level of 0.1 x 106 cells in 35 mm culture plates. The 

following day, culture medium was removed and replaced with 95% N2/5% CO2 bubbled culture 

medium +/- 100 µM LaCl3, or +/- 100 µM Peptide5 and was further flushed with 95% N2/5% 

CO2 for 5 minutes at 20 mL/min to displace O2 (Danesh-Meyer et al., 2012). The culture dish 

was sealed and cells were imaged with the 40x objective at 5 minute intervals for 1 hour using 

the Time-lapse application on the Nikon TE2000E inverted microscope and a Digital Sight CCD 

camera (Nikon) and Eclipse software (Figure 4.2). 
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Figure 4.2: Hypoxia time-lapse assay experimental setup. Cx43IRESeGFP HeLa cells are 

exposed to 95% N2/5% CO2 bubbled culture medium +/- 100 µM LaCl3, or +/- 100 µM Peptide5. 

The culture plate is flushed with 95% N2/5% CO2 gas and sealed for 1 hour of time-lapse 

imaging at 37 °C. Image produced using Servier medical art. 

4.2.5 Optimisation of fluorescent dye uptake 

Cx43IRES HeLa cells were plated at 5 x 104 cells in 12-well plates containing collagen coated 

18 mm coverslips a day prior to the experiment. In order to select the optimal fluorescent dye 

and concentration Cx43IRESeGFP HeLa cells were first exposed to 70% methanol solution in 

PBS for 20 minutes to permeabilise the membrane (Jamur and Oliver, 2010), and then incubated 

in either propidium iodide (PI) (10 µM–2 mM) or ethidium homodimer-1 (EthD-1) (0.1–4 μM) 

(Invitrogen, Life Technologies). The concentration range of PI was selected based on previous 

reports (Braet et al., 2003; O'Carroll et al., 2008) and EthD-1 concentration was recommended 

by the manufacturer (Invitrogen, Life Technologies). Coverslips were then washed in PBS, 

counterstained with DAPI (1:10,000) in order to control for the total number of cells, and further 

washed in PBS. Coverslips were mounted with Citiflour and imaged on an Olympus FV1000 

confocal laser scanning microscope (PI/EthD-1, 559 nm excitation; DAPI, 473 nm excitation). 

All images were acquired using the same settings for any given day of the experiment. RGB 

images were converted to 8-bit gray scale and the cell of interest was selected to measure the 

area and mean gray value (5 samples, n=2 images). The cells fluorescence is represented as the 

mean gray value per unit area. Data represents median ± range.  Statistical analysis was 

conducted in Prism version 6.07 (GraphPad Software Inc.).  

4.2.6 Low Ca2+ assay 

Cx43IRESeGFP HeLa cells were plated at a density of 7.8 x 104 cells/well into 96-well plates 

(Greiner #655) in culture medium. The following day, the culture medium was removed and 
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cells were washed twice with Ca2+- and Mg2+-free HBSS with 1 mM EGTA and 25 mM HEPES 

(pH 7.4), or Ca2+- and Mg2+-containing HBSS with 25 mM HEPES (pH 7.4) as a negative 

control. Cells were then exposed to the same solution containing 4 µM EthD-1 +/- inhibitors 

(100 µM of CBX or Peptide5 or LaCl3 or ScPep) and placed in the incubator for 15 minutes. 

Only 100 µM of EGTA was used for LaCl3 experiments, as EGTA has a high affinity for LaCl3 

and forms a complex (Braet et al., 2003). Cells were fixed for 10 minutes in 4% PFA, which 

was then removed and rinsed three times in Ca2+- and Mg2+-containing HBSS with 25 mM 

HEPES (pH 7.4). In each well, 100 µL of HBSS containing Ca2+ and Mg2+ was added for 

imaging to prevent cells lifting off. Nine sites/well (3 wells per group; n=4) were imaged using 

a 10x objective on the high content screening modality (ImageXpress Micro XLS, Molecular 

Devices). EthD-1 labelling was imaged with a TRITC (549/15) filter, and the files were 

converted to 16-bit TIFF images. The parameters of a cell, including minimum- and maximum-

width (µm) and intensity above local background, were defined in MetaXpress software 

(Molecular Devices) in order to automate data acquisition on the total count and average 

intensity of EthD-1 labelled cells (Fig 4.3). The total number of EthD-1 positive cells and 

intensity was logged directly from MetaXpress to Excel software (Microsoft). The bar graph 

represents mean ± 95% confidence interval (CI) and one-way ANOVA Tukey’s multiple 

comparison test was conducted (Prism version 6.07, GraphPad Software Inc.). 
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Figure 4.3: Image analysis for the total count and average intensity of EthD-1 positive 

Cx43IRESeGFP HeLa cells on MetaXpress software. A. Images were converted to 16-bit 

grey scale. B. Cell scoring module was used to define parameters of a cell, which included 

approximate minimum and maximum width (µm) and intensity above local background C. Cells 

identified by the parameters set in the cell scoring module were labelled in green, and the data 

for the total cell count and intensity are logged into Excel.  

4.2.7 In vitro ischaemia-reperfusion ATP assay paradigm 

The preparation of materials and methods required for the injury (ischaemia)-reperfusion model 

is outlined in detail in section 3.5 of chapter 3.  

For the injury (ischaemia)-only paradigm, the culture medium was removed and hCMVEC cells 

were washed twice with normal ringer solution. Cells were washed a further six times in injury 

solution for injury or injury + drug treatment groups. Next, cells were incubated for two hours 

in 500 µL of the injury solution +/- Peptide5 (100 µM) and/or +/- Probenecid (1 mM) to 

differentiate connexin43 and pannexin activity respectively.  

For the ischemia-reperfusion model, the hCMVEC cells were exposed to two hours of the injury 

solution as outlined above. Following two hours of injury, the solution was replaced with 500 

µL of the standard ringer solution +/- Peptide5 (100 µM) and/or +/- Probenecid (1 mM) and 

incubated for a further two hours. For both of the models, the hCMVEC cells were incubated in 
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standard ringer solution only as a negative control. Injury solution or injury solution followed 

by standard ringer solution was used as a positive control for ischaemia injury and ischaemia-

reperfusion models respectively. CBX (100 µM) was used as a control in each experiment. 

Subsequent methods for quantification and analysis of ATP concentration in the medium is 

outlined in section 3.5.2 and section 3.5.3 of chapter 3 respectively.  

4.3. Results 

4.3.1 Connexin43 expression in a stably transfected Cx43IRESeGFP HeLa cell line  

 

Figure 4.4: Immunolabelled Connexin43 in the Cx43IRESeGFP HeLa cell line. A. 
Connexin43 (red, Alexa 568) and DAPI (blue). B. Connexin43 only. Scale bar = 30 µm. 

Cx43IRESeGFP cells (gift from Prof K. Willecke, University of Bonn) were a newly developed 

HeLa cell line that had not been characterised prior to this study. Therefore, the expression of 

connexin43 in the transfected Cx43IRESeGFP HeLa cell line was first verified using 

immunohistochemistry. As expected, Cx43IRESeGFP cells showed a high level of connexin43 

expression between cell-to-cell contacts (Fig. 4.4) that was not present in the negative control 

(Appendix Fig 8.1) or in the connexin-deficient (wild type) HeLa control cell line (Appendix 

Fig 8.2). Furthermore, the Cx43IRESeGFP HeLa cell line appeared to specifically express 
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connexin43, as no positive labelling for pannexin1 and pannexin2 subtypes were observed 

(Appendix Fig 8.3). 

4.3.2 Cx43IRESeGFP HeLa cells loses membrane integrity following exposure to 
hypoxia in vitro 

 

Figure 4.5: HeLa cells exposed to nitrogen gas induced hypoxia for 30 minutes at 37°C. 

Cx43IRESeGFP HeLa cells (top), Cx43IRESeGFP HeLa cells + 100 µM LaCl3 (middle) and 

Cx-deficient HeLa cells (bottom). Arrowheads indicate Cx43IRESeGFP cell blebbing in 

response to hypoxia. Scale bar = 50 µm, 40x Nikon TE2000E.  

The opening of connexin43 hemichannels has been associated with the inability of cells to 

osmoregulate (Quist et al., 2000) that leads to cell swelling (oedema) under hypoxic injury 

conditions (Danesh-Meyer et al., 2012). To test whether the connexin43 expressed by 

Cx43IRESeGFP HeLa cells were functional, HeLa cells were exposed to hypoxia and filmed 

under time-lapse imaging. Figure 4.5 represents time-lapse images of HeLa cells exposed to 
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hypoxic conditions. Within 20 minutes in hypoxia the membrane of Cx43IRESeGFP HeLa cells 

blebbed, which exacerbated 30 minutes into hypoxia. As expected the control groups, 

Cx43IRESeGFP HeLa cells treated with a generic hemichannel blocker LaCl3 (100 µM) and 

Cx-deficient cells, did not show signs of membrane blebbing under the same hypoxic conditions 

(Fig. 4.5).  

4.3.3 Optimisation of fluorescent dye uptake in Cx43IRESeGFP HeLa cells using 70% 
methanol 

 

Figure 4.6: Fluorescent dye uptake in Cx43IRESeGFP HeLa cells treated with 70% 

methanol, represented as mean gray value per unit area. A. Propidium iodide (PI) (10 μM–

2 mM) B. Ethidium homodimer (EthD-1) (0.1 μM–4 μM). C. Comparison of 2 mM PI and 4 

μM EthD-1. Unpaired, two-tailed t-test. Values represent mean ± range. 

The low extracellular Ca2+ ([Ca2+]e) connexin hemichannel assay is measured as a function of 

fluorescent dye uptake (Anselmi et al., 2008; Braet et al., 2003; O'Carroll et al., 2008). To select 

the optimal fluorescent dye and concentration for the low [Ca2+]e functional assay, PI (10 μM – 

2 mM) or EthD-1 (0.1 – 4 µM) uptake was tested using 70% methanol to permeabilise 

Cx43IRESeGFP HeLa cell membranes. Figure 4.6A shows a concentration dependent increase 

(10 µM to 500 µM) in the mean gray value/area of PI uptake in Cx43IRESeGFP HeLa cells. 

However, no significant differences were observed when comparing 500 µM PI with 2 mM PI 
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(p=0.99), which suggests that PI uptake was saturated at 500 µM concentration (Fig. 4.6A). 

EthD-1 also showed a concentration dependent (0.1 µM to 1 µM) increase in the mean gray 

value/area, but the trend plateaued between 1 µM and 4 µM EthD-1 with no significant 

difference between the two groups (p=0.63) (Fig. 4.6B).  

Collectively there was no significant difference between 2 mM PI and 4 μM EthD (p=0.06) (Fig 

4.6C). This suggests that 4 μM concentration of EthD-1 was sufficient to achieve the same level 

of intensity per area as 2 mM PI, a concentration used previously for dye uptake studies to test 

connexin mimetic Peptide5 (O'Carroll et al., 2008). Furthermore, the smaller range of data seen 

with 4 μM of EthD-1 suggests a more consistent dye uptake between samples (Fig 4.6B). 

Therefore, EthD-1 dye at 4 μM concentration was selected for the low [Ca2+]e assay.  

4.3.4 Low [Ca2+]e mediated uptake of EthD-1 in Cx43IRESeGFP HeLa cells 
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Figure 4.7: EthD-1 uptake in Cx43IRESeGFP HeLa cells in response to extracellular 

HBSS without Ca2+/Mg2+. A. The total number of EthD-1 positive cells expressed as a 

percentage of HBSS without Ca2+/Mg2+ B. EthD-1 intensity per cell expressed as a percentage 

of HBSS without Ca2+/Mg2+. One-way ANOVA, Tukey’s multiple comparison test 

****p<0.0001 when compared to HBSS without Ca2+/Mg2+ or Peptide5. Values represent mean 

± 95% CI.  

Next, the effect of connexin inhibitors was tested using low [Ca2+]e solution to mediate EthD-1 

uptake through connexin hemichannels in Cx43IRESeGFP HeLa cells. Figure 4.7A 

demonstrates that no significant difference was seen in the total number of cells with EthD-1 

uptake across all treatment groups (p>0.3). In contrast, the average intensity of EthD-1 per cell 

with HBSS with Ca2+/Mg2+ (negative control) was 70.9% [95% CI, 67.5 to 74.3] of the HBSS 

without Ca2+/Mg2+ (positive control) (p<0.0001). All drug treatments significantly lowered the 

average intensity of EthD-1 per cell compared to positive control; CBX [64.8%; 95% CI, 62 to 

67.5], LaCl3 [80.7%; 95% CI, 77.1 to 84.2], ScPep (79.3 ± 19.8%), and Pep5 (89.1 ± 18.5%) (p 

< 0.0001) (Fig. 4.7B).  
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Injury (ischaemia)-Only Model 

4.3.5 Time–dependent increase in extracellular ATP released from hCMVEC cells 
following injury (ischaemia) 

 

Figure 4.8: Time-dependent increase in the ATP released from hCMVEC cells to the 

extracellular space. A. Injury (ischaemia) paradigm B. Control. Values represent mean ± 95% 

CI (n=5). Unpaired two-tailed t-test. 

The observations based on low [Ca2+]e  and hypoxia assays led to the development and testing 

of HAIR solution (Bondarenko and Chesler, 2001b) as a method to trigger connexin 

hemichannel opening under ischaemia-reperfusion conditions in vitro. Figure 4.8 summarises 

the ATP released from hCMVEC cells following a one- or two-hour exposure to HAIR solution. 

The ATP concentration following one hour of injury was 39.4 nM/mL [95% CI, 36.0 to 42.8], 

which increased significantly to 92.20 nM/mL [95% CI, 82.2 to 102.2] (p<0.0001) following 

two hours of injury (Fig. 4.8A). A basal increase in ATP concentration from 19.5 nM/mL [95% 

CI, 17.9 to 21.2] to 35.8 nM/mL [95% CI, 32.5 to 39.0] was observed after one- and two-hour 
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periods respectively in the control (p<0.0001) (Fig. 4.8B). However, a significant difference 

between the no-injury control and injury treatment were evident (p<0.0001) (Appendix Fig 8.4); 

therefore, the two-hour time point was selected for the ischaemia-only injury model.  

4.3.6 Drug treatments lower extracellular ATP released from hCMVEC cells in ischemia-
only model 

With the ischaemia-only model, connexin43 hemichannel- and pannexin1 channel-mediated 

ATP release was differentiated using the connexin hemichannel blocking mimetic peptide5 and 

probenecid respectively. 

 

Figure 4.9: ATP released from hCMVEC cells following a two-hour exposure to injury in 

vitro. Quantification of the total extracellular ATP release is presented as a percentage of the 

injury control. A significant reduction in ATP was present across all treatment groups compared 

to the injury control: 100 µM CBX, 100 µM Peptide5, 100 µM scrambled peptide (ScPep) and 

1 mM Probenecid, and 100 µM Peptide5 in combination with 1 mM Probenecid; the latter group 
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reducing total ATP release to the same level as CBX. One-way ANOVA, Dunnett’s comparison 

test against the injury control. Values represent mean ± 95% CI. ***p <0.001 against injury 

control. 

Figure 4.9 summarizes the total ATP released from a sub-confluent culture of hCMVEC cells 

exposed to the in vitro injury model. When compared to ischaemia injury [100%; 95% CI 95.3 

to 104.7], a basal level of ATP was present in the no injury control [35.0%; 95% CI, 30.0 to 

40.6] (p<0.0001).  Compared to ischaemia-injury, Peptide5 significantly reduced ATP release 

to 73.9% [95% CI; 69.1 to 78.6] (p<0.0001), whereas Probenecid significantly decreased ATP 

to 83.1% [95% CI, 73.3 to 92.9] (p<0.001) (Fig. 4.9). CBX significantly reduced ATP release 

to 57.9% [95% CI; 54.8 to 61.0] of the injury control (Fig. 4.9). A combination treatment of 

Peptide5 and Probenecid reduced ATP to a level that was comparable to CBX, with no 

significant difference observed between these two groups (p=0.3). Surprisingly, scrambled 

peptide also significantly reduced ATP to 74.1% [95% CI, 68.9 to 79.3] of the injury control 

(p<0.0001) (Fig. 4.9).  

Ischaemia-reperfusion model 

4.3.7 Time-dependent reduction in extracellular ATP following ischaemia-reperfusion  

Following two hours of injury, the hCMVEC cells were subsequently exposed to normal ringer 

solution to simulate ‘reperfusion’. Figure 4.10 summarizes the extracellular ATP concentration 

released from hCMVEC cells over the two- and four-hour time period. 
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Figure 4.10: Extracellular ATP concentration released from hCMVEC cells over two- and 

four-hour time period A. Ischaemia-reperfusion paradigm B. Control. Values represent mean 

± 95% CI (n=3). Unpaired two-tailed t-test.  

A significant reduction in ATP concentration was observed between two- [88.9 nM/mL; 95% 

CI, 59.4 to 118.4] and four-hour [30.3 nM/mL; 95% CI, 25.5 to 35.1] reperfusion period 

(p<0.0001) (Fig. 4.10A) that was not present in the non-injured (control) cells (Fig 4.10B). 

Because the ATP concentration decreased, the two-hour time point was selected for the 

reperfusion injury model. 

4.3.8 Connexin mimetic peptide5, but not Probenecid, lowers ATP release in 
reperfusion injury model  

The contribution of connexin43 hemichannel and pannexin channel to the ATP release was also 

characterised during the reperfusion period (return to normal media post two hours in HAIR 

solution).  
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Figure 4.11: ATP released from sub-confluent hCMVEC cells following a 2-hour exposure 

to injury then a 2-hour exposure to reperfusion in vitro. ATP was quantified as a percentage 

of the injury-reperfusion (IR) control. A significant reduction in ATP was observed with 

100 µM CBX, 100 µM Peptide5, and 100 µM Peptide5 and 1 mM Probenecid, but not with 1 

mM Probenecid on its own or 100 µM Scrambled peptide (ScPep). Values represent mean ± 

95% CI. One-way ANOVA Tukey’s multiple comparison test ****p<0.0001, ***p=0.0005, 

*p≥0.02 against IR control.  

Figure 4.11 shows a significant difference in ATP release between no injury-reperfusion 

[53.3%; 95% CI, 37.7 to 69.0] and injury-reperfusion control [100%; 95% CI, 89.5 to 110.5] 

(p=0.0005) (Fig. 4.11). Compared to the injury-reperfusion control, Peptide5 significantly 

reduced ATP to 70.3% [95% CI, 61.1 to 79.4] (p=0.018), an effect which was not observed with 

Probenecid [99.3%; 95% CI, 83.4 to 115.3] (p>0.99) or with scrambled peptide [83.4%; 95% 

CI, 76.5 to 90.4] (p=0.76). Furthermore, a combination treatment with Peptide5 and Probenecid 

[71.1%; 95% CI, 55.8 to 86.3] did not reduce ATP levels below those obtained with Peptide5 
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on its own (p>0.99) (Fig. 4.11). Unlike the ischaemia-only injury model (Fig. 4.9), a significant 

difference was observed between CBX [33%; 95% CI, 19.2 to 48.4] and Peptide5 (p=0.008); 

possible sources for this discrepancy are outlined in the discussion below.  

4.4. Discussion 

The aim of this chapter was to develop a robust in vitro assay that could define the connexin 

hemichannel response under ischaemic injury and reperfusion conditions, and differentiated it 

from the pannexin channel response. This chapter has tested some of the current in vitro 

hemichannel assay methods, and lead to a model based on hypoxic acidic ion shifted ringer 

(HAIR) as a means to trigger hemichannel mediated ATP release during ischemia injury, and 

separately during post-ischemia reperfusion. Peptide5 and Probenecid were used to differentiate 

connexin hemichannel and pannexin channel function respectively, but the model can be 

adapted for other channel inhibitors.  

4.4.1 Hypoxia paradigm  

An injured site is deprived of oxygen and cells are exposed to oxidative stress in vivo (reviewed 

in (Werner and Engelhard, 2007)). In particular, the release of nitric oxide (NO) gas in the 

vascular endothelium causes plasma to leak through (Fukumura et al., 2001), and the opening 

of hemichannels has been associated with cell swelling and oedema (Danesh-Meyer et al., 2012; 

Davidson et al., 2012).  

To verify whether connexin43 hemichannels expressed by Cx43IRESeGFP HeLa cells were 

functional, nitrogen gas was used to model hypoxic conditions and trigger hemichannel opening 

in vitro. Hypoxia caused the cell membranes to bleb, suggesting cellular injury and/or death 

mediated by connexin43 hemichannels. In comparison, both Cx43IRESeGFP HeLa cells treated 
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with LaCl3 and connexin-deficient HeLa cells were protected from hypoxia within the timeframe 

examined. A previous study that modelled hypoxia in endothelial cells in vitro required 3 hours 

to initiate hypoxic injury (Danesh-Meyer et al., 2012), but in the present study Cx43IRESeGFP 

HeLa cells lost membrane integrity within 30 minutes of hypoxia. The overexpression of 

connexin43 in the transfected cell line could have amplified the hypoxia mediated effect.  

4.4.2 Dye uptake mediated by low extracellular divalent cation solution  

Extracellular calcium ([Ca2+]e) undergoes rhythmic fluctuations of 1-2 mM that is tightly 

regulated in vivo under normal conditions (for review see (Thomas, 2000)). In addition to 

oxygen deprivation, the injured site is subject to a dramatic decline in [Ca2+]e (Hansen, 1985; 

Young et al., 1982). Therefore, low [Ca2+]e solution has been used to stimulate hemichannel 

opening in vitro (Braet et al., 2003; DeVries and Schwartz, 1992), which is typically used in 

conjunction with the uptake of a fluorescent dye (<1kDa) to measure the hemichannel response 

(Elfgang et al., 1995; Orellana et al., 2011a). EthD-1 is a membrane impermeable compound 

but can enter the cell through open hemichannels or a compromised membrane (Gaugain et al., 

1978). EthD-1 fluoresces once it binds to DNA (Gaugain et al., 1978). EthD-1 was the dye of 

choice for this study as it has been reported to produce a high fluorescence yield (Glazer et al., 

1990) with an affinity constant almost 1000 times higher than ethidium bromide (EthBr) 

(Gaugain et al., 1978), a widely used fluorescent dye for hemichannel research (for examples 

see (Chever et al., 2014; Contreras et al., 2002)). Furthermore EthD-1 was shown here to have 

a greater level of fluorescence and a more consistent uptake than 2 mM PI, which has previously 

been used for the low [Ca2+]e hemichannel assays (Braet et al., 2003; O'Carroll et al., 2008).  

Using the low [Ca2+]e with EthD-1 dye uptake, this chapter shows that the drug treatments do 

not significantly change the total count of EthD-1 positive cells, but instead lower the average 
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intensity of EthD-1 uptake. These results suggest that the drug treatments are likely to reduce 

hemichannel activity but do not completely prevent connexin hemichannel function of a cell. 

Unexpectedly, the RFKPSLCTTDEV scrambled sequence of Peptide5 that has been used as a 

control in previous studies (Danesh-Meyer and Green, 2008; Danesh-Meyer et al., 2012; 

O'Carroll et al., 2008), also significantly inhibited hemichannel mediated dye uptake. The 

scrambled peptide may not be the best control for Peptide5 as the RFKPSLCTTDEV sequence 

shares sequence homology to other human proteins. Based on BLAST results (Altschul et al., 

1990), the scrambled peptide sequence shares 64% homology with human Connexin50 

(PSLCPELTTDD). Furthermore, it shares 62% homology with plakophilin-4 

(RFKSHPSLSTTNQ), a cytoskeletal protein involved in junction formation, cytokinesis and 

Rho-signalling (Nahorski et al., 2012). Follow-up studies could involve immunolabellling for 

connexin50 and plakophilin-4, but it is unlikely that connexin50 will be expressed in HeLa cells, 

as these are primarily found in the lens (Sellitto et al., 2004). It is possible that the homology of 

the scrambled sequence may account for the unexpected inhibitory effects of scrambled peptide. 

Another possible explanation is that the reverse of the scrambled peptide sequence is similar to 

the Peptide5 sequence (Fig 4.12) Therefore, an alternative scrambled peptide sequence should 

be tested. 

 

Figure 4.12: Connexin43 mimetic peptide5 sequence (top) and reversed scrambled 

peptide5 sequence (ScPep Rev) (bottom). The bolded areas indicate similarities in the 

sequence  
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4.4.3 ATP assay 

The integration of functional connexin43 hemichannel assays using hypoxia and low [Ca2+]e led 

to the development of a model that comprehensively mimics changes seen in an acute injury 

that extends to reperfusion injury. The in vitro ischaemia-reperfusion model showed two major 

results: 1) extracellular ATP increases in a time-dependent manner during ischaemia injury but 

not in reperfusion; 2) connexin hemichannels account for the majority of ATP release in 

ischaemia and reperfusion relative to pannexin channels.  

ATP is well known to be a ‘molecular unit of currency’ (Stock et al., 1999) with high 

concentrations of ATP (5-10 mM) found in the cytoplasm, and a relatively small amount of ATP 

(1-10 nM) in the extracellular space (Di Virgilio, 2000). A cell can tolerate small increases in 

extracellular ATP from regulated exocytosis (Schenk et al., 2008), but the presence of high 

levels of extracellular ATP can be detrimental as it can initiate the inflammasome pathway 

(reviewed in (Kim et al., 2016)). Here it was shown that HAIR solution elevates extracellular 

ATP concentration to the 50–250 nM range. An extracellular ATP concentration of 250 nM has 

been shown to proliferate CD4+ T cells of the immune system, whereas 1 mM ATP was required 

to induce apoptotic cell death (Trabanelli et al., 2012). Further studies could investigate whether 

HAIR solution mediated release of ATP from hemichannels has a link to inflammasome 

activation.  

In vivo, it is suggested that cellular metabolism ‘shuts down’ during ischaemic injury with cell 

damage occurring upon reperfusion (Davidson et al., 2013b). Connexin43 hemichannel activity 

peaks 4-8 hours into reperfusion (post-ischaemia) for example, correlating with vascular leak 

and disruption in a retina model (Danesh-Meyer et al., 2012). A limitation of the current in vitro 

ischaemia-reperfusion model is that the extracellular ATP is removed during the transition from 
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injury to reperfusion, which would otherwise accumulate in an in vivo setting. Furthermore, in 

the current in vitro model there was an unexpected decline in the extracellular ATP 

concentration over the two- to four-hour reperfusion period, which could be caused by cells 

reabsorbing ATP (Chaudry and Gould, 1970). This has been demonstrated in skeletal muscle in 

vitro, where extracellular 14C-ATP was shown to accumulate inside the cell over time (Chaudry 

and Gould, 1970).  

A major finding derived from this model is that the amount of the ATP released from open 

connexin hemichannels during ischemia is more than one and half times that lost through 

pannexin channels. Combined blocking of pannexin channels and connexin hemichannels using 

Probenecid and Peptide5 respectively prevents ATP release to the same level as the non-specific 

channel blocker CBX. The results here suggest that pannexin channel closure and connexin 

hemichannel opening account for most of the ATP released through these two channel types 

following reperfusion. Activated pannexin1, connexin hemichannels, and P2X7R mediate the 

release of ATP from swollen trabecular meshwork cells, where pannexin1 and connexin 

hemichannels equally account for approximately 80% of the ATP release (Li et al., 2010). 

Further studies of this in vitro model could test the effect of P2X7R inhibitor on the total ATP 

release. It is possible that reperfusion in vivo may not be so uniform, and it remains to be seen 

to what extent this model reflects pathological conditions. The results go some way, however, 

to suggesting that pannexin channel and connexin hemichannel block can contribute to 

improved outcomes, especially to reduce lesion spread after ischemic injury, but the neuronal 

sparing effect is likely to be obtained using hemichannel blockers delivered during the post-

injury reperfusion period.  

Limitations of this method include possible leak ATP currents from other ‘maxi-anion’ plasma 
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membrane channels, such as voltage dependent anion channels (VDAC) and non-connexin or 

pannexin mechanosensitive or volume-sensitive channels (Bader and Weingart, 2006; Rutledge 

et al., 1999). The contribution of these channels to the total ATP is likely to be low relative to 

connexin hemichannels, although during the reperfusion phase there was a higher level of ATP 

leak which was not associated with either connexin or pannexin activity, but which was 

nonetheless ameliorated with CBX. ATP can also be secreted by cells through other active 

mechanisms such as exocytosis, and autophagy-dependent processes (Poon et al., 2014). These 

leak currents could be further controlled for using additional blockers, which are to be tested in 

future studies. The techniques developed in this chapter will be used in subsequent chapters to 

characterise the mode of action of Peptide5 and Tonabersat.
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Chapter 5. Characterising the mode of 
action of extracellular Connexin43 

channel blocking mimetic peptides 
in an in vitro ischaemia-reperfusion 

injury model 

The contents of this chapter have been submitted for publication in Kim, Y, Griffin, J.M. Harris, 

P.W.R, Chan, S.C, Nicholson, L.F.B, Brimble, M.A, O’Carroll, S.J, Green, C.R. Characterizing 

the mode of action of extracellular Connexin43 channel blocking mimetic peptides in an in 

vitro ischemia-reperfusion injury model. Biochimica et Biophysica Acta (BBA) 2016.  

 

Connexin43 mimetic peptide5 has been shown to improve functional outcomes in preclinical 

models of CNS injury (see chapter 2), but the molecular mode and site of action of peptide5 had 

not been characterised. This chapter demonstrates that Peptide5 inhibits connexin43 

hemichannel-mediated ATP release in human cerebral microvascular endothelial cells 

(hCMVEC) by acting on extracellular loop two of connexin43, adjacent to its matching 

sequence within the protein. Modified Peptide5 analogues, including peptides with single 

alanine substitutions or truncations, are also used to demonstrate that Peptide5 sequence 

specificity is important for inhibiting hemichannel-mediated ATP release but less so for the 

uncoupling of gap junctions. The SRPTEKT motif is central to Peptide5 function but on its own 

is not sufficient to inhibit hemichannels at the concentrations used. At high concentrations, 

SRPTEKT motif alone reduces gap junction communication to an extent that is comparable to 

Peptide5, but with neither ever uncoupling below 50%. An understanding of the concentration 

dependent mode of action of Peptide5 supports its development as a treatment for retinal injury 

and disease.  
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5.1. Introduction  

Connexin43 hemichannels are tightly controlled under resting conditions (Bukauskas et al., 

2000; Contreras et al., 2003). However, hemichannel gating mechanisms are geared to open in 

response to a number of factors present in injury as discussed in chapter two. Opening of a large, 

relatively non-selective, undocked hemichannel pore has a potent capacity to drive cell death by 

degrading ionic and metabolic gradients at the lesion site (Takeuchi et al., 2006), removing a 

cell’s ability to osmoregulate (Danesh-Meyer et al., 2012; Quist et al., 2000; Rodriguez-Sinovas 

et al., 2007), and promoting the spread of secondary damage (Davidson et al., 2013a; Decrock 

et al., 2015). 

O’Carroll et al. (2008) developed an extracellular acting mimetic peptide known as Peptide5 

(VDCLSRPTEKT), derived from the extracellular loop 2 sequence of Connexin43, that can be 

used at concentrations as low as 5 µM to selectively inhibit connexin hemichannels, whilst high 

concentrations (e.g. 500 µM) are associated with inhibition of both gap junctions and 

hemichannels in vitro (O'Carroll et al., 2008). The distinct concentration-dependent action of 

Peptide5 provides a wider scope for therapeutic application, and this has been put into practice 

in several models of CNS injury. Reduced inflammation and improved functional outcomes and 

neuronal survival were evident in brain (Davidson et al., 2014; Davidson et al., 2012) and retina 

(Danesh-Meyer et al., 2012) ischemia injury-reperfusion models and after spinal cord injuries 

(O'Carroll et al., 2013b). Efficacy has been shown in these models after intraventricular (brain), 

topical, systemic, or intravitreal (ocular) delivery of Peptide5.  

The present chapter explores the mode of action of Peptide5 on Connexin43 

hemichannel-mediated ATP release using an in vitro model of ischemia-reperfusion injury. 
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Furthermore, connexin43 gap junction channels are explored using a scrape load–dye spread 

assay. Peptide5 is acting on extracellular loop two of Connexin43, adjacent to its own sequence, 

to inhibit hemichannel opening. Hemichannel block was very sensitive to sequence 

modifications and peptide length. Of note the SRPTEKT motif, which is highly conserved 

across the family of connexin proteins (Kumar and Gilula, 1992), was crucial for Peptide5 

hemichannel inhibition but on its own has poor hemichannel blocking efficacy. Conversely, gap 

junction uncoupling (only seen at high peptide concentrations) is less sensitive to sequence 

changes or peptide length and appears (using ARPE-19 cells) to reduce gap junction coupling 

by altering the distribution of Connexin43 in the cell. Taken together, the major findings of this 

study illustrate that Peptide5-mediated hemichannel block proceeds via a precise sequence 

specific mechanism supporting its use at appropriate concentrations for the treatment of 

ischemia-reperfusion injuries in many tissues including the CNS.  

5.2. Materials and methods 

5.2.1 Cell culture 

Please refer to section 3.1 of chapter 3 (general methods and materials) for details on hCMVEC 

and ARPE-19 cell culture methods. 

5.2.2 Peptides and chemical reagents 

For cell scrape load – dye coupling assays of gap junctions, induced protein distribution changes 

and ATP release studies of hemichannel block, Connexin43 mimetic Peptide5 was used at 100 

µM (see section 3.2). For competition assays, extracellular loop matching peptides were custom 

synthesised and dissolved in Milli-Q® H2O to a stock concentration of 1 mM according to purity 

supplied by the manufacturer (Auspep, Australia). Single alanine substituted peptides were 
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generated using Fmoc solid phase synthesis at the School of Chemical Sciences, University of 

Auckland. Fmoc-Thr(tBu)-OH or Fmoc-Ala-OH were pre-loaded to the HMPP linker and 

attached to in-house prepared aminomethyl PS resin 2.1 (using DIC in DMF). This was followed 

by alternating de-protection and coupling reactions using 5% piperazine containing 0.1 M 6-Cl-

HOBt and HBTU and NMM respectively via automated Tribute Fmoc-SPPS. Resin cleavage 

using TFA afforded crude products which underwent purification via semi-preparative RP-

HPLC. Peptides were obtained in high purity (>95%) and with good yields (17%–46%). All 

alanine substituted analogues were Milli-Q® H2O soluble (Table 5.1).  

Table 5.1: Single alanine substituted peptides of connexin43 used to investigate Peptide5 

sequence specificity. Alanine substitutions are marked in red.  

Single alanine substituted peptides 

 
Sequence 

Ala-1 ADCFLSRPTEKT 

Ala-2 VACFLSRPTEKT 

Ala-3 VDAFLSRPTEKT 

Ala-4 VDCALSRPTEKT 

Ala-5 VDCFASRPTEKT 

Ala-6 VDCFLARPTEKT 

Ala-7 VDCFLSAPTEKT 

Ala-8 VDCFLSRATEKT 

Ala-9 VDCFLSRPAEKT 

Ala-10 VDCFLSRPTAKT 

Ala-11 VDCFLSRPTEAT 

Ala-12 VDCFLSRPTEKA 

In order to determine motifs of Peptide5 that are essential for function, a further six truncated 

peptides (Table 5.2) were synthesized at a purity of 95% and dissolved in Milli-Q H2O to a stock 

concentration of 10 mM (ChinaPeptide Co Ltd, Shanghai, China; www.chinapeptide.org). 

 

Table 5.2: Truncated variants of Connexin43 mimetic peptides 

http://www.chinapeptide.org/
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Truncated peptides 

 
Sequence 

Modification 1 CFLSRPTEKT 

Modification 2 LSRPTEKT 

Modification 3 SRPTEKT 

Modification 4 VDCFLSRPTE 

Modification 5 VDCFLSRP 

Modification 6 VDCFLS 

For details on peptide5, scrambled peptide5, LaCl3, and CBX, please refer to section 3.2 of 

chapter 3. 

5.2.3 Scrape loading assay  

The hCMVEC cells were plated in 1 μg/cm2 collagen I (Gibco) 12-well plate at a density of 0.4 

x 106 cells per well and cultured until confluent. A confluent monolayer of hCMVECs was pre-

incubated in Peptide5 (5–100 µM) dissolved in culture medium for 2 or 24 hours. CBX (100 

µM) was used as a positive control. Subsequent methods are outlined in section 3.6 of chapter 

3.  

5.2.4 Immunocytochemistry and quantification of connexin43 plaques  

Retinal-pigment epithelial cells ARPE-19 cells were grown until confluent in 8-well glass 

chamber-slides (BD Falcon). As hCMVEC cells exhibit interdigitating or overlapping cell-cell 

interfaces (Appendix Fig 8.5), they are less suitable for quantifying connexin43 plaques at cell-

to-cell interfaces. Therefore, ARPE-19 was selected because of the classic “crazy paving” 

pattern that is observed with connexin43 plaques at clearly defined cell-to-cell borders (Hutnik 

et al., 2008). Confluent monolayers of ARPE-19 cells were incubated at a final concentration of 

50 to 500 µM Peptide5, 500 µM LaCl3, and 500 µM CBX in culture medium for 2 or 6 hours. 

For details on connexin43 and nuclei labelling see section 3.3. Images were visualised and 

captured using an oil immersion lens (60x magnification, 1.35 numerical aperture) on an 
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Olympus FV1000 upright confocal laser scanning microscope and Olympus FV10-ASW 4.0 

software. For details on imaging quantification see section 3.4 of chapter 3. n=6 from 3 

independent experiments.  

5.2.5 In vitro ischaemia-reperfusion ATP assay paradigm  

The preparation of solutions and general methods relating to the injury (ischaemia)-reperfusion 

model is outlined in detail in section 3.5.1 of chapter 3.  

For the injury (ischaemia)-only paradigm, the culture medium was removed and hCMVEC cells 

were washed twice with normal ringer solution. Cells were washed a further six times in injury 

solution for injury or injury + drug treatment groups. Next, cells were incubated for two hours 

in 500 µL of the injury solution +/- Peptide5 and/or +/- single alanine substituted peptides (Table 

5.1), or truncated peptides (Table 5.2), or extracellular loop sequences (Table 5.3) at a final 

concentration of 100 µM. For the negative control, hCMVEC cells were incubated in 500 µL 

standard Ringer solution for two hours. For the positive control, hCMVEC cells were incubated 

in 500 µL HAIR solution for two hours. Subsequent methods for quantification and analysis of 

ATP concentration in the medium are outlined in section 3.5.2 and section 3.5.3 of chapter 3 

respectively. ATP released from the no injury control was subtracted from test groups.  

5.2.6 Single alanine substituted peptides and truncated peptides assay 

Peptides listed in Tables 5.1 and 5.2 were assessed using the ischaemia injury model in 

hCMVEC cells as described above, and the medium was collected for ATP release 

measurements.  
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5.2.7 Competitive peptide binding assay 

The Peptide5 interacting site on the connexin43 protein was determined using a competition 

assay. Extracellular loop sequences (Auspep, Australia) were dissolved in Milli-Q® H2O at a 

stock concentration of 1 mM (Table 5.3). The native Peptide5 and the extracellular loop 

sequences were mixed at a 1:1 ratio (100 µM), and left for 1 hour at room temperature prior to 

the experiment to allow competitive binding to occur. Following the 1-hour incubation, the 

extracellular loop sequence and Peptide5 mixture was dissolved in injury solution and hCMVEC 

cells exposed for 2 hours using the ischemia-reperfusion model described above. Extracellular 

medium was then collected for ATP measurement. All extracellular loop peptides were soluble 

in Milli-Q® H2O except for the EL2a sequence which was not used for further studies. 

Table 5.3: Extracellular loop sequences of connexin43 used in competition assays 

Extracellular loop peptides 

 
Sequence 

EL1 complete ESAWG DEQSA FRCNT QQPGC ENVCY DKSFP ISHVR 

EL2 truncated Q WYIYG FSLSA VYTCK RDPCP HQVDC FLSRP TEK 

EL1a ESAWG DEQSA FRCNT QQ 

EL1b PGC ENVCY DKSFP ISHVR 

EL1c A FRCNT QQPGC ENVCY D 

*EL2a FLLIQ WYIYG FSLSA VYTC 

EL2b K RDPCP HQVDC FLSRP TEKT 

EL2c G FSLSA VYTCK RDPCP HQVD 

*EL2a sequence was not used in this study.  
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5.3. Results 

5.3.1 High concentration of Peptide5 causes internalization of connexin43 plaques from 
ARPE-19 membrane 
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Figure 5.1: Peptide5 alters the distribution of connexin43 gap junction plaques in ARPE-

19 cells. A. Immunolabelling of connexin43 (red) in untreated control with DAPI-labelled nuclei 

(blue) (upper panel). The distribution of connexin43 following 2- (middle panel) or 6-hour 

(lower panel) exposure to Peptide5 (500 μM). White arrowheads highlight patterns of 

cytoplasmic streaming that extend from the membrane towards the centre of the cell. White 

arrows point to perinuclear golgi body staining. Fragmented connexin43 plaques along the cell-

to-cell interface following 6-hour exposure to Peptide5. Scale bars = 30 μm. B. Quantification 

of the total area of connexin43 plaques per cell represented as a percentage of untreated control 

following 2- or 6-hour treatment with Peptide5, LaCl
3
 or CBX (500 μM). A significant reduction 

in connexin43 labelling per cell compared to untreated control was evident following 2- and 6-

hour treatment with CBX. Values represent mean ± 95% CI (One-way ANOVA, Dunnett’s post-

hoc test). C. No significant difference in connexin43 labelling was present between untreated 

control and 6-hour treatment with Peptide5 (50–500 μM) **p=0.0043, ***p<0.0001. Bars 

represent mean ± 95% CI (n=3). One-way ANOVA Tukey’s multiple-comparisons test. 

Peptide5 has been shown to inhibit hemichannels at low concentrations (5–50 μM), but high 

concentration (500 μM) inhibits both hemichannel and gap junction channel function (O'Carroll 

et al., 2008). ARPE-19 cells were exposed to Peptide5 (500 μM) to examine the distribution and 

number of connexin43 gap junction plaques (Fig. 5.1). Figure 5.1A shows immunofluorescent 

connexin43 plaques labelled in a regular tile-like pattern between cell-to-cell contacts in basal 

conditions. Connexin43 labelling was also visible in the perinuclear region which most likely 

represents an intracellular pool of connexin43 in the Golgi apparatus (Das Sarma et al., 2001). 

Following a 2-hour exposure to Peptide5 (500 µM), connexin43 plaques were visible along cell-

to-cell contacts but showed patterns of cytoplasmic streaming that extended from the membrane 

towards the centre of the cell (Fig. 5.1A). Punctate connexin43 labelling was also visible in the 

intracellular region immediately below the plasma membrane (Fig. 5.1A). Connexin43 plaques 

located along the cell-to-cell interface were fragmented following the 6-hour exposure to 

Peptide5 (500 µM) (Fig. 5.1A).   
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Next, the total connexin43 labelling per cell following exposure to Peptide5 was quantified. No 

significant differences in connexin43 labelling per cell were observed following 2- or 6-hour 

treatment with Peptide5 (50–500 µM) (p>0.1). Likewise, LaCl3 (500 µM) was not significantly 

different to the control post 2- or 6-hour (p>0.1) treatment (Fig. 5.1B and C). In contrast, CBX 

(500 µM) significantly reduced total connexin43 expression to 70.1% [95% CI, 60.72 to 79.38] 

(p=0.0043) following a 2-hour exposure and to 46.6% [95%CI, 38.4 to 54.8] (p<0.0001) after 6 

hours relative to the untreated controls [100.0%; 95 CI, 88.5 to 111.5] and [100.0%; 95% CI, 

90.9 to 109.1] respectively (Fig. 5.1).    
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5.3.2 Alanine substitutions do not alter Peptide5-mediated gap junction uncoupling 

 

Figure 5.2: Peptide5 analogues with single alanine substitutions are not significantly 

different to the native Peptide5 in a scrape loading assay of hCMVEC cells in vitro. A. A. 

LY dye spread in untreated control (left) CBX, 100 µM (middle), and Peptide5, 100 µM  (right). 

Corresponding bright field images immediately below. Scale bar = 30 µm B. Positive LY dye 

transfer between coupled gap junction channels is represented as a percentage of the untreated 

control. LY dye transfer was significantly reduced compared to the untreated control following 

2-hour exposure to CBX. Native Peptide5 and its analogues with single alanine substitutions 

(Ala-1 to Ala-12) also significantly attenuated LY dye transfer when compared against the 

untreated control. These analogues were not significantly different to the native Peptide5, and 

only the CBX control attenuated LY dye transfer significantly more than the native Peptide5. 

The concentration used for all treatment groups was 100 μM. **p<0.005, ****p<0.0001. All 

values represent mean ± 95% CI. One-way ANOVA, Dunnett’s multiple comparison test against 

control or native Peptide5.   
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Figure 5.2 summarises the effect of native and modified Peptide5 on gap junction 

communication in vitro. Relative to the control [100.1%; 95% CI, 90.58 to 109.6], the dye 

transfer through gap junction channels in hCMVEC cells was reduced following treatment with 

CBX [16.25%; 95% CI, 13.39 to 19.11] (p<0.0001) or Peptide5 [56.17%; 95% CI, 49.4 to 62.9] 

(p<0.0001) (Fig. 5.2B). When compared to native Peptide5, there was no significant difference 

seen in LY positive cells with alanine modifications (p>0.9) (Fig. 5.2B).  

5.3.3 Peptide5-mediated hemichannel block proceeds via a precise sequence specific 
mechanism 

 

Figure 5.3: Single alanine substitutions affect Peptide5 function against ischaemic 

injury-induced ATP release from hCMVEC cells in vitro. Quantification of the total 

extracellular ATP release is presented as a percentage of the injury control for each treatment 

group. Treatment with CBX, LaCl
3
, and native Peptide5 (all at 100 μM) significantly reduced 

ATP release, ****p<0.0001 against injury control. Ala-2, Ala-3, Ala-5, Ala-7, Ala-8, and Ala-

11 (all at 100 μM) were significantly different to native Peptide5 (100 μM) but not against injury 

indicating loss of function with these peptides containing alanine substitutions at sites 

VDCFLSRPTEKT. *p<0.03, **p<0.01, ***p=0.0002. When compared against native 

Peptide5, no significant differences were observed with Ala-1, Ala-4, Ala-6, Ala-9, Ala-10, or 

Ala-12. All values represent mean ± 95% CI. One-way ANOVA, Dunnett’s comparison test 

against Injury or native Peptide5.  
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Single alanines were substituted into the Peptide5 sequence (Table 5.1) in order to determine 

which amino acids are important for its function as a hemichannel blocker. The CBX and LaCl3 

controls significantly attenuated ATP to 9.1% [95% CI, -14.29 to 32.50] (p<0.0001) and 47.8% 

[95% CI, 17.07 to 78.60] (p<0.0001) of the injury control respectively [100.0%; 95% CI, 92.50 

to 107.5] (Fig. 5.3). Following treatment with native Peptide5, ATP release was significantly 

reduced to 44.6% [95% CI, 27.68 to 61.51] of the injury control (p<0.0001) (Fig. 5.3). Loss of 

function was observed with alanine substitutions Ala-2, Ala-3, Ala-5, Ala-7, Ala-8, and Ala-11 

as these were not significantly different to the injury control (p>0.9) (Fig. 5.3). In contrast, Ala-

4, Ala-9, Ala-10, and Ala-12 substitutions significantly lowered ATP release to 60.7% [95% CI, 

50.2 to 71.3] (p=0.0098), 62.4% [95%CI, 32.0 to 92.8] (p=0.0154), 62.0% [95% CI, 40.1 to 

83.9] (p=0.0137), 61.2% [95% CI, 35.98 to 86.43] (p=0.02) of the injury control respectively 

(Fig. 5.3), indicating that these peptides retained efficacy. Ala-4, Ala-9, Ala-10, and Ala-12 

substituted peptides were not significantly different to the native Peptide5 (p>0.7). Ala-1 and 

Ala-6 was not significantly different from the injury control or the native Peptide5.  
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5.3.4 SRPTEKT motif is crucial for Peptide5-mediated inhibition of hemichannels but on 
its own is not effective   

 

Figure legend on the next page 

Figure 5.4: Truncated sequences of native Peptide5 show altered efficacy against ischaemic 

injury-induced ATP release from hCMVEC cells in vitro. Quantification of the total 

extracellular ATP release is presented as a percentage of the injury control for each treatment 

group. Treatment with native Peptide5 (100 µM) and Mod-1 significantly reduced ATP release, 

****p<0.0001 against injury control. In contrast, significantly greater ATP release was 

observed following treatment with Mod-2, Mod-3, Mod-4, Mod-5, and Mod-6 (all at 100 µM) 

compared to native Peptide5 (100 µM) which indicates loss of function with these 

modifications. *p=0.0231 and ****p<0.0001 compared to the native peptide. n=8 wells, 4 

independent experiments. One-way ANOVA, Dunnett’s multiple comparison test against Injury 

or native Peptide5. 

To determine the functional region(s) of Peptide5, truncated Peptide5 sequences were tested in 

the ATP hemichannel assay (Table 5.2, Fig 5.4). The native Peptide5 sequence significantly 

reduced ATP to 47.3% [95% CI; 37.1 to 57.4] of the injury control [100.0%; 95% CI, 92.68 to 

107.3] (p<0.0001). Peptides mod-2, mod-3, mod-4, mod-5, and mod-6 were not significantly 

different to the injury control indicating loss of function (Fig. 5.4). Mod-2 [75.67%; 95% CI, 
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59.39 to 92.0] (p=0.0231), mod-3 [106.4%; 95% CI, 89.60 to 123.3] (p<0.0001), mod-4 

[91.11%; 95% CI, 76.1 to  106.1] (p<0.0001), mod-5 [106.9%; 95% CI, 87.0 to 126.8] 

(p<0.0001), and mod-6 [116.1%, 95% CI, 89.6 to 142.5] (p<0.0001) were significantly less 

effective in their ability to inhibit ATP release than native Peptide5. Interestingly, mod-1 

[49.1%; 95% CI, 34.2 to 64.0] was significantly different to the injury control (p<0.0001) but 

not significantly different to native Peptide5 (p>0.9) showing it retained function. These results 

suggest that Peptide5-mediated inhibition of ATP release is sequence specific, and the 

conserved SRPTEKT region appears to be important for Peptide5 function but on its own is not 

effective for hemichannel inhibition.  
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Figure 5.5: The effect of Petide5 and SRPTEKT motif on Lucifer yellow dye transfer in a 

scrape loading assay of hCMVEC cells in vitro. A. Positive LY transfer in the control that is 

reduced in Peptide5 and SRPTEKT. B. Positive LY dye transfer between coupled gap junction 

channels is represented as a percentage of the untreated control. LY dye transfer was 

significantly reduced compared to the untreated control following 2-hour exposure to CBX. 

SRPTEKT significantly reduced LY dye transfer to an extent that was comparable to the native 

Peptide5. Concentration used for all treatment groups was 100 μM. **p=0.0057 (Pep5), 

**p=0.0028 (ScPep). There was no significant difference with scrambled peptide. All values 
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represent mean ± 95% CI. One-way ANOVA, Dunnett’s comparison test against Injury or native 

Peptide5. 

SRPTEKT sequence on its own, at a higher concentration, was tested to see whether it could 

inhibit gap junction communication in the scrape-loading assay (Fig. 5.5). CBX significantly 

reduced LY dye transfer to 15.3% [95% CI, 11.52 to 19.15] (p<0.0001) of the untreated control 

[100.0%; 95% CI, 90.6 to 109.4] (Fig. 5.5). Compared to the untreated control, LY dye transfer 

was significantly reduced to 79.4% [95% CI, 71.1 to 87.7] (p=0.0057) and 77.6% [95% CI, 67.4 

to 87.8] (p=0.0028) with Peptide5 and SRPTEKT treatment respectively (Fig. 5.5). There was 

no significant difference with scrambled peptide relative to the untreated control (p=0.37). 

5.3.5 Site of action competition assay  

 

Figure 5.6: Competition assay with synthetic peptides derived from the extracellular loops 

of connexin43 and Peptide5. A. Synthetic extracellular loops derived from connexin43. B. 

Total extracellular ATP released from hCMVEC cells in response to simulated ischaemic injury 

is represented as a percentage of the injury control for each treatment group. A significant 

increase in the total ATP released from hCMVEC cells was present following 2 hours of 

simulated ischaemic injury. ATP release significantly increased in equimolar concentrations of 

native Peptide5 and EL2c indicating loss of Peptide5 function. CBX, Peptide5, and extracellular 

loops were used at a concentration of 100 μM. ****p<0.0001. There was a significant difference 

in the total ATP release between injury and Peptide5. A significant reduction in the total ATP 



Chapter 5: Characterising the mode of action of extracellular connexin43 channel blocking 
mimetic peptides in an in vitro ischaemia-reperfusion injury model  

94 

 

release was present with 100 µM native Peptide5. All values represent mean ± 95% CI. One-

way ANOVA, Dunnett’s comparison test against Injury or native Peptide5. 

To determine the site of action, synthetic peptide fragments derived from extracellular loops 1 

and 2 of the connexin43 protein (Table 5.3) were tested against the native Peptide5. If a fraction 

of a peptide segment competitively binds with the native Peptide5 sequence, there would be less 

free Peptide5 available and there would be greater hemichannel-mediated ATP release. Figure 

5.6 demonstrates that CBX and Peptide5 significantly reduced ATP release to 13.4% [95% CI, 

3.4 to 23.5] (p<0.0001) and 54.1% [95% CI, 45.2 to 62.9] (p<0.0001) of the injury control 

[100.0%; 95% CI, 93.1 to 107.0] respectively. Segments EL1 complete, EL1a, EL1b, EL1c, and 

EL2b sequences in combination with Peptide5 significantly lowered ATP, to 3.2% [95% CI, -

10.8 to 17.3] (p<0.0001), 60.0% [95% CI, 46.7 to 73.3]  (p<0.0001), 29.3% [95% CI, 17.39 to 

41.2] (p<0.0001), 40.1% [95% CI, 25.1 to 55.2] (p<0.0001), and 75.5% [95% CI, 59.7 to 91.3] 

(p=0.0302) of the injury control respectively (Fig. 5.6). Interestingly, EL1 complete and EL1b 

sequences in combination with Peptide5 were significantly more effective (by 50.8% 

(p<0.0001) and 24.8% (p=0.0334) respectively) than Peptide5 alone (Fig. 5.6). In contrast, EL2c 

completely abolished Peptide5 function as it was not significantly different to the injury control 

(p=0.5615), and the amount of ATP released was significantly greater than Peptide5 alone 

(p<0.0001). These results suggest that the EL2c sequence is likely to be the site of action for 

Peptide5.  

5.4. Discussion  

Connexin mimetic peptides have been used to discriminate the role of connexin hemichannels 

from gap junction channels under physiological and pathological conditions. Chapter 5 

illustrates that Peptide5, under ischemia-reperfusion injury conditions, inhibits connexin43 
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hemichannel-mediated ATP release from endothelial cells by acting on extracellular loop two 

of connexin43, adjacent to its matching sequence within the protein. Using modified Peptide5 

analogues, including peptides with single alanine substitutions or truncations, this chapter has 

demonstrated that Peptide5 sequence specificity is important for inhibiting 

hemichannel-mediated ATP release but less so for the uncoupling of gap junctions.  

A high concentration of Peptide5 (500 µM) has previously been shown to prevent hemichannel 

opening and uncouple existing gap junction channels (O'Carroll et al., 2008). Here it was shown 

that exposure to Peptide5 (500 µM) for two or six hours increased distribution of small transport 

intermediates indicating possible internalization of the connexin43 plaques or fragments (Fig. 

5.1). As discussed in chapter 2, the rate of connexin synthesis and degradation (turnover) will 

impact upon the extent of gap junction communication between cells (Beardslee et al., 1998; 

Fallon and Goodenough, 1981). While Peptide5 increased small transport intermediates, there 

was no change in the total connexin43 labelling seen per cell indicating that these internalised 

intermediates may not be progressing (within the time frame of this experiment) to degradation 

pathways.  

A recent study has reported concentration-dependent effects of Gap27 also. High concentrations 

(100-300 µM) significantly reduced gap junction function and expression with such changes 

absent when lower concentrations (10-30 µM) were used for the same length of time (Glass et 

al., 2015). Low concentrations of Peptide5 (50 µM or less) did not induce a significant level of 

gap junction uncoupling either, even following prolonged (24 hour) exposure. This finding is 

consistent with the concentration-dependent effects of Peptide5 reported previously (O'Carroll 

et al., 2008). The data in this chapter are consistent with a previous report that 4-hour incubation 
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with Gap-27 does not completely uncouple gap junction channels (Waggett et al., 2006). 

Berthoud et al. (2000) proposed that connexin mimetic peptides either prevent the formation of 

gap junction plaques or displace docked extracellular loops — particularly at high 

concentrations. The lack of an immediate effect on LY dye spread with a high concentration of 

Peptide5 indicates that Peptide5 is likely to interfere with docking and the formation of new gap 

junction channels rather than directly uncoupling them. While Peptide5 increased 

internalization, we did not see coupling reduced below 50% indicating that Peptide5 is unlikely 

to continuously prevent the docking of hemichannels long-term.  

Analogues of Peptide5 were tested in order to identify key amino acid residue sites. Alanine has 

been used as a substitution residue as it is the most commonly found amino acid in proteins 

(Klapper, 1977), with the other charged residues (Aspartate, Glutamine, Arginine, and Lysine) 

forming 20% of the total (Klapper, 1977; Rose et al., 1985). The biological activity of peptides 

has been commonly assessed using sequential alanine substitutions (Barr et al., 2002; Leo et al., 

1999; Wender et al., 2000), as alanine mutations produce localized and non-disruptive change 

without imposing constraints on secondary structure (Wells, 1991). Alanine scanning methods 

have been used to study proteins such as cAMP-dependent protein kinase (Gibbs and Zoller, 

1991) and hGHbp (Bass et al., 1991).  

Single alanine substitutions to Peptide5 at sites VDCFLSRPTEKT (corresponding to Ala-2, -

3, -5, -7, -8, and -11) completely abolished the peptide’s ability to block ATP release. 

Extracellular loops are well conserved between connexins, but the second extracellular loop 

shows more variability than the first (Haefliger et al., 1992).  For example, connexin43 is the 

only subtype with a leucine at position five in the Peptide5 sequence (VDCFLSRPTEKT). 
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Alanine substitution at position five caused a distinct loss in Peptide5-mediated hemichannel 

block. The result may imply that Peptide5 is connexin43 isoform specific, but this will need to 

be confirmed by substituting with other charged amino acids. Alanine substitutions, including 

at position five, did not, however, affect gap junction uncoupling and/or the prevention of 

hemichannel docking in the scrape load–dye spread assay. As modified analogues of Peptide5 

were not significantly different in function to the native Peptide5, it is likely that a non-specific 

physical barrier in the intercellular cleft is sufficient to, at least partially, reduce gap junction 

communication if sufficiently high peptide concentrations are used. Uncoupling by peptides 

appears to be less dependent upon the precise peptide sequence than is evident for the low 

concentration hemichannel blocking effects of Peptide5. 

Alanine substitution results provided an insight into amino acid residues that could be modified 

to allow for increased serum stability while blocking hemichannels and retaining gap junction 

communication. ExPASy Bioinformatics Resource Portal (http://www.expasy.org/) predicted 

cleavage site at the carboxyl side of phenylalanine at position-4 by chymotrypsin to be ideal for 

increasing Peptide5 stability while retaining function.   

Peptide5 sequences were also truncated in order to determine which regions are necessary or 

sufficient for efficacy. In the ATP hemichannel assay amino acid truncations from the N-

terminal end of Peptide5 reduced efficacy in a gradual manner; the first two amino acid 

truncations had minimal effect in this assay. With truncation of four amino acids, efficacy was 

reduced to 50% of that obtained using the intact peptide and the SRPTEKT peptide had lost all 

efficacy for hemichannel inhibition. In contrast, any truncation from the C-terminal end of 

Peptide5 caused a significant drop in efficacy when compared to the intact Peptide5. These 

http://www.expasy.org/
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results suggest that the SRPTEKT motif is central to Peptide5 function but on its own is 

insufficient to block hemichannels at the concentration used. In contrast, SRPTEKT sequence 

alone reduced gap junction communication to an extent that was comparable to Peptide5. Taken 

together, these results demonstrate that the presence of the SRPTEKT motif is necessary for 

Peptide5-mediated inhibition of hemichannels but sequence specificity is not essential for gap 

junction inhibition (which occurs primarily at higher concentrations).  

Previous studies have demonstrated that the SRPTEKT sequence, a highly conserved region of 

the extracellular loop two (Warner et al., 1995), attenuates gap junction activity on its own. For 

example, SRPTEKT (Gap21) was shown to attenuate the rhythmic responses of rabbit superior 

mesenteric arteries in a concentration-dependent manner with complete inhibition achieved at 

100–300 µM in 20 minutes (Chaytor et al., 1997). Recently it has been shown that the SRPTEKT 

motif, when lipidised to form SRPTEKT-palmitic acid (IC50 ≈ 78.1pM), causes a significant 

delay in Ca2+ waves in a confluent culture of rabbit tracheal epithelial cells (RTECs) post 1-hour 

application (Maura Cotter, Reported at the 2015 International Gap Junction Conference, 

Valparaiso, Chile). Lipidation was thought to improve localization of the connexin mimetic 

peptide to the plasma membrane and therefore increase its efficacy for gap junction inhibition. 

Connexin mimetic peptides have not been shown to induce complete uncoupling and/or 

inhibition of docking to date and a maximum reduction in gap junction communication of 50% 

was observed in this chapter. This observation may imply that cells can regulate turnover by 

reducing internalisation, even with a high peptide concentration, to ensure gap junctions are 

always present on the membrane.  
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The site of action of Peptide5 was also explored in this chapter. The strategy was to enable 

competition between Peptide5 and extracellular loop motifs at equimolar concentrations and 

quantify the level of inhibition of hemichannel-mediated ATP release. An expectation was that 

the direct competition imposed by the extracellular loop motifs would prevent the access of 

Peptide5 to the interaction site on the connexin43 hemichannel. Peptide5 was hypothesized to 

bind to the EL1 loop and mimic the docking process (Dahl et al., 1994). This is based on the 

rationale that docking of hemichannels involves a 30º rotation between EL loops (Maeda et al., 

2009; Perkins et al., 1998). With this amount of rotation, EL1 loop could cross over to partner 

with EL2 on the outer edge of the channel pore (Foote et al., 1998; Perkins et al., 1998). Contrary 

to expectations Peptide5 interacted with the EL2 sequence of connexin43. In particular, results 

here show that there was less Peptide5 activity when incubated with EL2c in the competition 

assay, a sequence immediately adjacent to the Peptide5 sequence itself, indicating that this is 

the likely interacting motif. These binding site results may provide support for an alternate 

theory of connexon docking that the opposing connexin extracellular loops may dock directly, 

EL1 to EL1 and EL2 to EL2, to form two concentric barrels (Foote et al., 1998). Furthermore, 

a mutation in the potential EL2c binding site is also associated with human disorders. The 

H194P mutation affects an amino acid that is highly conserved in this region of the connexin43 

protein (Vitiello et al., 2005). Heterozygous mutation of H194P has been associated with 

oculodentodigital dysplasia syndrome, which is associated with ophthalmological anomalies, 

craniofacial defects, dental abnormalities, hand and foot anomalies, and neurological symptoms. 

Therefore, EL2c binding site is significant for connexin43 function.  

Interestingly the EL1b sequence, containing the Gap26 sequence, further lowered ATP release 

than peptide5 alone indicating that both the Peptide5 and Gap26 sequences were likely to be 
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active and may act synergistically. Even though the EL2b sequence contains the Peptide5 

sequence, there was no synergistic effect occurring with Peptide5 indicating that the 

concentration used (100 µM) was already at saturation level. This is consistent with O’Carroll 

et al. (2008) who found peptide concentrations as low as 5 µM were sufficient to block 

hemichannels.  

This chapter did not differentiate between the blocking (or closing) of open channels or the 

prevention of channel opening in the hemichannel mediated ATP release assay. Wang et al. 

(2013) proposed that the binding site of Gap26 and Gap27 is likely to reside on the extracellular 

domains of connexin43, and an open channel was not a prerequisite for Gap26 or Gap27 

inhibition (Wang et al., 2013a). Gap26 and Gap27 achieved maximal inhibition on a typically 

closed connexin hemichannel at resting membrane potential (Vm) suggesting that these peptides 

stabilise the closed state of the hemichannel (Wang et al., 2012a). A further extension of this 

study would be to examine the kinetics of Peptide5 with hemichannel activity.  

In conclusion the present chapter demonstrates the mode of action of Peptide5 against 

connexin43 hemichannels and gap junction channels. The findings here are in line with previous 

reports suggesting that the most important site of activity resides in the SRPTEKT segment 

which is necessary for the inhibition of hemichannel activity but on its own is not sufficient. In 

contrast, SRPTEKT sequence on its own, at high concentrations, can significantly reduce gap 

junction coupling between cells. Furthermore, EL2c, a sequence adjacent to Peptide5 region, is 

most likely to be the interaction site for Peptide5. Modifications to Peptide5 produced significant 

loss of function for Peptide5-mediated inhibition of hemichannels but not for uncoupling of gap 
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junction channels suggesting that Peptide5 hemichannel blocking actions are precise, specific, 

and distinct from any of the gap junction uncoupling effects seen only at higher concentrations. 
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Chapter 6. Tonabersat inhibits 
hemichannel-mediated ATP release 

and internalizes connexin43 gap 
junctions via the lysosomal pathway 

 

Tonabersat (SB-220453), a novel cis benzyopyran compound, has been shown to inhibit 

cortical-spreading depression (Read et al., 2000) and cerebrovascular responses to trigeminal 

nerve stimulation in preclinical models (Parsons et al., 2001). Tonabersat is thought to inhibit 

connexin26 expression in the brain, but information on its molecular mode of action is limited. 

This chapter demonstrates that a low concentration of Tonabersat significantly inhibits 

connexin43 hemichannel-mediated ATP release from human microvascular endothelial cells 

during ischemia and reperfusion injury in vitro. However, application of high concentrations of 

Tonabersat uncoupled gap junctions, and connexin43 junctional plaques were internalised and 

degraded via the lysosomal pathway. Collectively, this chapter provides evidence for Tonabersat 

as a hemichannel blocker which can uncouple gap junction channels at high concentrations. 

6.1. Introduction  

Tonabersat was identified as a potential anti-migraine compound due to its activity against 

neuronal hyper-excitability, inflammation (Chan et al., 1999), and cortical spreading depression 

(CSD) (Durham and Garrett, 2009). Based on this promising pre-clinical data, Tonabersat has 

been tested in phase II clinical trials as a prophylactic treatment for migraine (Goadsby et al., 

2009; Hauge et al., 2009) and epilepsy (Bialer et al., 2013). Although Tonabersat was safe and 

well tolerated (MaassenVanDenBrink et al., 2000); there is no general consensus on the 
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therapeutic efficacy of Tonabersat (Dahlof et al., 2009). The reason for this discrepancy is 

unknown, but it is attributable to a lack of understanding of the molecular mode of action.  

There has been speculation that Tonabersat targets gap junction channels based on the  rationale 

that Tonabersat inhibits cortical spreading depression (CSD) (Damodaram et al., 2009), a 

phenomenon arising from abnormal cell-to-cell signalling (Bargiotas et al., 2012). Tonabersat 

has been shown to prevent the formation of connexin26 gap junctions between trigeminal 

neurons and satellite glial cells by targeting the p38-mitogen-activated protein kinase (MAPK) 

pathway (Damodaram et al., 2009). Tonabersat is thought to bind with high affinity in the CNS 

(Chan et al., 1999), but the exact binding site has not been characterised and it is unknown 

whether Tonabersat is connexin26 specific. As connexin43 is one of the most abundantly 

expressed connexin isoforms in the CNS (Dermietzel et al., 1991; Dermietzel et al., 1989; Nagy 

et al., 1992) and plays a significant role in cell-to-cell communication (see chapter 2), this 

chapter test the hypothesis that Tonabersat inhibits connexin43 hemichannel mediated ATP 

release following ischemia-reperfusion injury in vitro in human microvascular endothelial cells. 

Furthermore, the concentration- and time-dependent properties of Tonabersat were explored in 

order to specifically target connexin43 hemichannels without affecting gap junction channels. 

6.2. Methods  

6.2.1 Cell culture 

Please refer to section 3.1 of chapter 3 for the hCMVEC and ARPE-19 cell culture methods.  



Chapter 6: Tonabersat inhibits hemichannel-mediated ATP release and internalizes 
connexin43 gap junctions via the lysosomal pathway 

104 

 

6.2.2 Drug treatments 

Tonabersat (Medchemexpress, USA) was dissolved in dimethyl sulfoxide (DMSO) to give a 

stock concentration of 100 mM. Ammonium chloride (NH4Cl, Sigma), an inhibitor of the 

lysosomal pathway (Qin et al., 2003), was dissolved in Milli-Q® H2O (Millipore Corporation) 

to give a stock concentration of 100 mM. In an in vitro rat model, Tonabersat has been used at 

a concentration of 10 mg kg-1 (Damodaram et al., 2009) which translates to approximately 359 

µM (Appendix 8.4.1). This has been used as a reference in this chapter to test Tonabersat across 

a wider concentration range (0.1 – 500 µM). For details on peptide5, probenecid and scrambled 

peptide please refer to section 3.2 of chapter 3.  

6.2.3 In vitro ischaemia-reperfusion ATP assay paradigm 

The preparation of materials and methods required for the injury (ischemia)-reperfusion model 

is outlined in detail in section 3.5.1 of chapter 3. 

For the injury (ischaemia)-only model, the culture medium was removed and all cells were 

washed twice with normal ringer solution. Cells were washed a further six times in injury 

solution for injury and injury + drug treatment groups. Next, cells were incubated for two hours 

in 500 µL of the injury solution or injury solution +/- Tonabersat (0.1 µM to 100 µM) and/or 

+/- Probenecid (1 mM).  

For the ischemia-reperfusion model, hCMVEC cells were washed and exposed to two hours of 

injury as outlined above. Following two hours of injury, the solution was replaced with 500 µL 

of the standard ringer solution +/- Tonabersat (10 µM) for a further two hours. For both of the 

models, the hCMVEC cells were incubated in standard ringer solution only as a negative control. 

Injury solution or injury solution followed by standard ringer solution was used as a positive 
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control for ischemia injury and ischemia-reperfusion models respectively. CBX (100 µM) was 

used as a control in each experiment. Vehicle controls (0.001%, 0.01%, and 0.1% DMSO) were 

also tested (Appendix Fig 8.6). Subsequent methods for quantification and analysis of ATP 

concentration in the medium is outlined in section 3.5.2 and section 3.5.3 of chapter 3 

respectively. ATP released from the no injury control was subtracted from the treatment groups. 

n=6 from 3 independent experiments. 

6.2.4 Electrophysiology 

HCMVEC cells were plated at 0.045 x 106 cells/mL on sterile 18 mm diameter rat collagen I 

coated coverslips one day before the experiment in growing medium at 37°C at 95% O2 and 5% 

CO2. The next day, cells were perfused with artificial cerebrospinal fluid containing (aCSF) (in 

mM): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 1 mM MgCl2, 1.8 mM CaCl2, 10 mM 

glucose bubbled in 95% O2 and 5% CO2 at room temperature. The internal pipette solution 

contained (in mM): 130 KCl, 10 sodium aspartate, 0.26 CaCl2, 2 EGTA, 5 tetraethylammonium-

Cl, 1 MgCl, 3 MgATP, and 5 HEPES at pH 7.2 (Contreras et al., 2003) and kept on ice. High 

resistance pipettes of 6-10 mΩ were pulled from Corning 7056 patch glass capillaries (outer 

diameter, 1.5 mm; inner diameter. 1.1 mm; wall thickness: 0.4mm using a P-97 electrode puller 

(Sutter Instruments, Novato, CA). To resolve single currents in the whole-cell configuration 

(Kaneda et al., 1995), isolated cells with low capacitance (<10 pF) with a seal resistance of (>5 

GΩ) were selected for recording. Voltage-clamp was used to elicit HC currents by holding the 

membrane potential (Vm) at 0 mV for 100 ms, followed by positive voltage steps of 10 mV to 

80 mV in 10 mV increments at 15 s each. Voltage-clamp recording and drug perfusion protocol 

was conducted simultaneously. Cells were perfused with aCSF for 1 minute, then channel 

currents were recorded for 1 minute following 5 minute perfusion with Tonabersat (50 µM) in 
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aCSF. Tonabersat was washed out for 5 minutes before a 1 minute recording of the wash-out 

period. Currents were measured using amplifier (MultiClamp 700B, Molecular Devices) and 

digitizer (Digidata, 1200B, Axon Instruments).  The data were low-pass filtered at 1 kHz and 

digitized at sampling intervals of 0.25 ms using pClamp 10 software (Molecular Devices).  

6.2.5 Scrape loading gap junction assay 

The hCMVEC cells were plated in 1 μg/cm2 collagen I (Gibco) 12-well plate at a density of 0.4 

x 106 cells per well and cultured until confluent. A confluent monolayer of hCMVECs was pre-

incubated in Tonabersat (0.1 µM, 1 µM, 10 µM, 50 µM, or 200 µM) dissolved in culture medium 

for 1 minute, 1 hour, 2 hours, 6 hours, or 24 hours. CBX was used at a concentration of 200 µM 

as a positive control. Subsequent methods are outlined in section 3.6 of chapter 3. n=3 

independent experiments and 3 replicates in each experiment. 

6.2.6 Immunocytochemistry and quantification of connexin43 plaques 

ARPE-19 cells were grown until confluent in 8-well glass chamber-slides (BD Falcon). 

Confluent monolayers of ARPE-19 cells were incubated at a final concentration of 5, 10, 50, 

100, 200, and 500 µM Tonabersat, and/or 10 mM NH4Cl (Qin et al., 2003) in culture medium 

for 1 or 6 hours. For details on connexin43 and nuclei labelling see section 3.3 in chapter 3. 

Images were visualised and captured using an oil immersion lens (60x magnification, 1.35 

numerical aperture) on an Olympus FV1000 upright confocal laser scanning microscope and 

Olympus FV10-ASW 4.0 software. For details on quantification of Connexin43 labelling see 

section 3.4 in chapter 3. n=4 wells in each treatment from 2 independent experiments.  
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6.2.7 Quantitative reverse transcription PCR 

Quantitative reverse transcription PCR was used to determine the relative levels of connexin43 

mRNA. A confluent monolayer of ARPE-19 cells was treated with 50 µM Tonabersat or 0.05% 

DMSO vehicle control for 1 hour. Cells without treatment were used as a further control. Cells 

were lysed with TRIzol® (Life Technologies), and the total RNA was isolated using SuperScript 

III First Strand kit (Invitrogen) according to manufacturer’s instructions. All RNA samples were 

quantified using a NanoDrop 1000 micro volume spectrophotometer (Thermo Scientific). 

cDNA was synthesised using SuperScript® III First-Strand Synthesis SuperMix (Invitrogen) 

according to manufacturer’s instructions. Primer sequences for human Connexin43, GenBank 

Accession No. M65188.1, were obtained from the Harvard Primer bank. The sequences for 

human connexin43 were forward 

5’-TGGTAAGGTGAAAATGCGAGG-3’ and reverse 5’-GCACTCAAGCTGAATCCATAG

AT-3’. The appropriate reference gene was determined by screening commonly used house-

keeping genes: ß-actin [ACTB], Hypoxanthine phosphoribosyltransferase 1 [HPRT1], 

peptidylprolyl isomerase A [PPIA], and glyceraldehyde-3-phosphate dehydrogenase [GAPDH]. 

ß-actin and PPIA were selected as the control genes based on the best stability value in 

normfinder (Hruz et al., 2011). A negative control with no cDNA was also used in each qPCR. 

Relative changes in connexin43 mRNA expression were calculated as fold-differences against 

ß-actin using the comparative CT method (2-∆∆Ct) method. All PCR reactions were performed on 

a Rotor gene6000 (Qiagen) using the cycling program conditions outlined in Table 6.1. Results 

represent mean ± 95% CI and statistical tests were conducted using a one-way ANOVA 

followed by Tukey’s multiple comparisons test.  
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Table 6.1: PCR reaction cycle program for generating threshold cycles for relative 

quantification (Ct). Steps 2 and 3 are repeated 40 times before proceeding to step 4.  

Steps Reaction Temperature (°C) Duration 

1 Hold 95 3 minutes 

2 Cycling 95 15 seconds 

3 Cycling 60 60 seconds (detecting SYBR-Green) 

4 Melt 60–95 Rising by 1°C each step 

6.3. Results 

6.3.1 A combined Tonabersat and Probenecid treatment inhibits ATP released from 
hCMVEC cells in a concentration dependent manner in ischaemic injury in vitro 

 

Figure 6.1:  Tonabersat and Probenecid treatment inhibits ATP release from hCMVEC 

cells in ischaemic injury in vitro. Quantification of total extracellular ATP release in hCMVEC 

cells exposed to ischaemic injury is presented as a percentage of the injury control for each 

treatment group. A. There was no significant reduction in extracellular ATP in the presence of 

0.1 µM to 100 µM Tonabersat compared to injury. ****p<0.0001. B. A significant reduction in 

ATP was present across all treatment groups: 100 µM CBX and 0.1 µM to 100 µM Tonabersat 

in combination with 1 mM Probenecid. A significant difference was present between 1 µM and 

10 µM, and 10 µM and 100 µM Tonabersat One-way ANOVA, Tukey’s multiple comparison 

test. Values represent mean ± 95% CI. **p=0.0011, ***p=0.0002, ****p<0.0001 against injury 

control.  

As described in chapter 4, Peptide5 (100 µM) and Probenecid (1 mM) were used to differentiate 

connexin43 hemichannel- and pannexin channel-mediated ATP release respectively in ischemia 
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and reperfusion injury model of hCMVEC cells. Figure 6.1 summarises the effect of Tonabersat 

on the total ATP released from ischemic hCMVEC cells. Compared to ischemic injury [100%; 

95% CI, 92.4 to 107.6], ATP release was significantly reduced to 31% [95% CI, 26.8 to 35.4] 

with CBX (p<0.0001) (Fig 6.1A). However, Tonabersat alone did not significantly reduce ATP 

release (0.1 μM to 100 μM) (p>0.05) (Fig. 6.1A).  

Figure 6.1B shows that in the presence of 1 mM Probenecid, however, Tonabersat reduced ATP 

release at concentrations 0.1 µM [77.5%; 95% CI, 69.4 to 85.5] (p=0.002), 1 µM [61.3%; 95% 

CI, 53.6 to 69.0] (p<0.0001), 10 µM [33.4%; 95% CI, 27.1 to 39.8] (p<0.0001), and 100 µM 

[52.8%; 95% CI, 43.1 to 62.5] (p<0.0001) compared to injury control [100%; 95% CI, 96.0 to 

104.0] (Fig. 6.1B). Maximal inhibition of ATP was achieved with 10 µM concentration of 

Tonabersat, which was significantly lower than 1 µM (p=0.0001) and 100 µM (p=0.018) 

Tonabersat, and 1 mM Probenecid [74.0%; 95% CI, 58.9 to 89.1] (p=0.0001) (Fig. 6.1B). CBX 

(100 μM) significantly reduced ATP from hCMVEC cells to 22% [95% CI, 16.0 to 28.1] of the 

injury control (p<0.0001) (Fig. 6.1B). 
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6.3.2 Tonabersat inhibits ATP release in reperfusion injury in vitro  

 

Figure 6.2: A low concentration of 10 µM Tonabersat inhibits ATP release in reperfusion 

injury in vitro. ATP is quantified as a percentage of the injury-reperfusion (IR) control. A 

significant reduction in ATP was observed with 100 µM CBX, 100 µM Peptide5, and 100 µM 

Peptide5 and 1 mM Probenecid, but not with 1 mM Probenecid on its own. A significant 

reduction in ATP was observed with 10 µM Tonabersat. Values represent mean ± 95% CI. One-

way ANOVA Tukey’s multiple comparison test. *p<0.05, ***p=0.0009, ****p<0.0001, against 

injury-reperfusion control. 

Figure 6.2 summarises the total ATP released from a sub-confluent culture of hCMVEC cells 

during the reperfusion period post-ischaemia. Compared to the injury-reperfusion (IR) control 

[100%; 95% CI, 89.5 to 110.5], a significantly lower ATP release was observed with no-injury-

reperfusion (No IR) control [53.3%; 95% CI, 37.7 to 69.0] (p=0.0009) (Fig. 6.2). While Peptide5 

(100 µM) significantly lowered ATP release [70.2%; 95% CI, 61.1 to 79.4] compared to IR 

(p=0.0284), Probenecid (1 mM) did not reduce ATP (p>0.99) (Fig. 6.2). Compared to IR, a 

combined Peptide5 and Probenecid treatment significantly reduced ATP [71.1; 95% CI, 55.8 to 
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86.3] (p=0.036). CBX (100 µM) significantly lowered ATP release [33.8%; 95% CI, 19.2 to 

48.4] compared to IR (p<0.0001) (Fig. 6.2).  

As Probenecid had no significant effect on the release of ATP from hCMVEC cells during 

reperfusion (Fig. 6.2), it was hypothesised that Tonabersat alone (10 µM) would be sufficient to 

inhibit the ATP released from hCMVEC cells, and the level of inhibition would be comparable 

to Peptide5. Indeed, Tonabersat (10 µM) significantly reduced ATP [68.9%; 95% CI, 54.5 to 

83.3] compared to IR (p=0.02) (Fig. 6.2). There was no significant difference between 

Tonabersat (10 µM) and Peptide5 (100 µM) (p>0.99) (Fig. 6.2).  

6.3.3 Tonabersat attenuates single channel currents elicited by positive membrane 
potentials in hCMVEC cells 

Single channel currents in isolated hCMVEC cells were examined following stimulation to 

positive membrane potentials (≥ 60 mV) that are known to activate the opening of Connexin43 

hemichannels (Contreras et al., 2003; Kang et al., 2008; Wang et al., 2012a). A high level of 

activity was observed at positive membrane potentials in artificial cerebrospinal fluid (aCSF) 

(Fig. 6.3, upper panel). An immediate reduction in single channel activity was apparent 

following perfusion of Tonabersat (50 µM) in artificial cerebrospinal fluid (Fig. 6.3, middle 

panel). The single channel currents were partially recoverable following wash-out of Tonabersat 

(50 µM) and return to normal aCSF (Fig. 6.3, bottom panel).  
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Figure 6.3:  Tonabersat attenuates single channel currents elicited by positive membrane 

potentials in hCMVEC cells. Cells were perfused with artificial cerebrospinal fluid (aCSF) 

during 15s voltage protocol to positive membrane potentials (≥ 60 mV) to stimulate connexin43 

hemichannel currents (aCSF, before, upper panels). Tonabersat (50 µM) dissolved in aCSF 

immediately attenuated single channel currents (aCSF + 50 µM Tonabersat, blue panel). Single 

channel currents were partially recoverable upon washout of Tonabersat at 50 µM concentration 

(aCSF, washout, bottom panel). 
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6.3.4 High concentration of Tonabersat uncouples gap junctions in a time-dependent 
manner 

 

Figure 6.4: Functional effect of Tonabersat on intercellular communication in hCMVEC 

cells in vitro. A. LY dye transfer to neighbouring cells via coupled gap junctions after scrape 

loading in the vehicle control. Immediate or 2-hour Tonabersat pre-treatment at 50 µM caused 

a reduction in LY dye transfer. Scale bars = 200 µm. B. Quantification of LY-positive hCMVEC 

cells treated with Tonabersat (T 50 µM) for 0 to 24 hours or 200 µM for 24 hours before scrape 

loading. Uncoupling of gap junctions increased with pre-incubation time in Tonabersat. C. Low 

concentrations of Tonabersat (10 µM, 1 µM, and 0.1 µM) did not cause gap junction uncoupling 

after 2 hours or after 24 hours in D. Values represent mean ± S.E.M (One-way ANOVA 

followed by Tukey’s post-hoc test). *p<0.05, **p<0.001, and ***p<0.001. Experiment 

conducted by Jarred M. Griffin.  

An in vitro scrape-loading assay was conducted to test whether Tonabersat inhibits gap junction 

communication. As expected, LY dye transfer was observed in the vehicle control (Fig. 6.4) 

which is consistent with the cell-to-cell communication via coupled gap junctions (el-Fouly et 

al., 1987). CBX significantly reduced gap junction communication to 22.2 ± 2.8% of the control 

(p<0.0001) (Fig. 6.4). 



Chapter 6: Tonabersat inhibits hemichannel-mediated ATP release and internalizes 
connexin43 gap junctions via the lysosomal pathway 

114 

 

With increasing pre-incubation time, Tonabersat (50 µM) increased the extent of gap junction 

uncoupling (Fig. 6.4B). Compared to control, LY positive cells were significantly reduced to 

72.5 ± 7.5% (p=0.0132) following 2-hour Tonabersat treatment (50 µM) and further down to 

62.8 ± 8.0% (p=0.0003) by 6 hours. LY positive cells were maximally reduced to 50.5 ± 7.5% 

(p < 0.0001) of the control following 24-hour treatment (Fig. 6.4B). Furthermore, a higher 

concentration of Tonabersat (200 µM) at the 24-hour time point further reduced LY transfer to 

46.7 ± 3.2% (p<0.0001) of the control.  

Immediate application of Tonabersat (50 µM) (p=0.986), or a 1-hour pre-incubation did not 

significantly reduce gap junction coupling of the control (p=0.054) (Fig. 6.4B). Lower 

Tonabersat concentrations (0.1, 1, and 10 µM) also did not significantly reduce LY transfer at 

both 2 hours (p>0.7) and 24 hours (p>0.3) compared to the control (Fig. 6.4C and D). 

Taken together, these results indicate that Tonabersat-mediated gap junction uncoupling is 

concentration dependent at ≥ 50 µM, and the extent of this uncoupling effect is dependent on 

the time period of Tonabersat treatment.  
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6.3.5 High concentrations of Tonabersat causes internalisation and degradation of 
connexin43 plaques via the lysosomal pathway in ARPE-19 cells 

 

Figure 6.5: Tonabersat internalises and degrades connexin43 gap junction plaques via the 

lysosomal pathway in ARPE-19 cells. A. Immunolabelling of untreated control labelled with 

connexin43 (red) and DAPI-labelled nuclei (blue) (upper panel). Immunolabelling of 

connexin43 after 100 µM Tonabersat or 100 µM Tonabersat + NH4Cl for 1 hour in serum-

supplemented media (middle panel). Immunolabelling of connexin43 after 100 µM Tonabersat, 

or 100 µM Tonabersat + NH4Cl for 6 hours (lower panel). White arrows show peri-nuclear 

labelling of connexin43 and scale bars = 30 µm. B. Quantification of the total area of connexin43 

plaques per cell following treatment with Tonabersat (5–500 µM) for 1 hour, and Tonabersat 

(50–500 µM) for 6 hours in C. B and C are normalised to untreated control and expressed as a 

percentage. Values represent mean ± 95% CI (One-way ANOVA followed by Tukey’s post-hoc 

test). ***p<0.0001. 
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A high concentration of Tonabersat was hypothesised to internalise connexin43 gap junctions 

from the plasma membrane. To test this, immunocytochemistry was used to visualise the 

distribution and size of the connexin43 gap junction plaques. Under basal conditions, 

connexin43 plaques were labelled between cell-to-cell contacts in a regular tile-like pattern (Fig. 

6.5). Connexin43 was also labelled in the perinuclear region which most likely represents an 

intracellular pool of connexin43 in the Golgi apparatus (Das Sarma et al., 2001).  

A 1-hour exposure to Tonabersat at concentrations of 100 µM [52.8%; 95% CI, 40.1 to 65.6] 

(p=0.0012), 200 µM [63.2%; 95% CI, 50.0 to 76.5] (p=0.0286), and 500 µM [64.8%; 95% CI 

44.9 to 84.8] (p=0.0420) significantly reduced the total connexin43 labelling per cell compared 

to the untreated control [100%; 95% CI, 86.2 to 113.8] (Fig. 6.5B). Connexin43 labelling was 

reduced at cell-to-cell interfaces and in the intracellular pool (Fig. 6.5A). No significant 

reductions in connexin43 were present at lower Tonabersat concentrations of 5 µM (p=0.99), 

10 µM (p=0.5777), or 50 µM (p=0.1146) (Fig. 6.5B).   

A 6-hour exposure Tonabersat also reduced connexin43 labelling between cell-to-cell contacts 

and the intracellular pool (Fig. 6.4A). Specifically, the total connexin43 labelling per cell was 

significantly reduced at Tonabersat concentrations of 100 µM [66.5%; 95% CI, 55.1 to 77.9] 

(p<0.0001), 200 µM [62.5%; 95% CI, 57.6 to 67.4] (p<0.0001), and 500 µM [60.2%; 95% CI, 

31.0 to 89.4] (p<0.0001) (Fig. 6.5C).  Based on results from Figure 6.5B and 6.5C, it was 

proposed that the higher concentrations of Tonabersat facilitate the turnover of connexin43 

plaques from the plasma membrane. To test this, the lysosomal degradation pathway in ARPE-

19 cells was immobilised using ammonium chloride (NH4Cl), a weak-base lysosome inhibitor 

(Qin et al., 2003).  
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Figure 6.6: Tonabersat degrades connexin43 gap junction plaques via the lysosomal 

pathway in ARPE-19 cells. A. Quantification of the total area of connexin43 plaques per cell 

following treatment with Tonabersat (50–500 µM) or Tonabersat (50–500 µM) + NH4Cl for 1 

hour. Data are normalised to the untreated control and expressed as a percentage. B. No 

significant difference in connexin43 labelling was present between untreated control and 10 mM 

NH4Cl or vehicle control (0.5% DMSO) alone for 1 hour. Values represent mean ± 95% CI. 

***p=0.0002, ****p<0.0001. One-way ANOVA Tukey’s multiple-comparisons test. 

Following a 1-hour exposure to Tonabersat (100 µM) and NH4Cl (10 mM), punctate connexin43 

labelling was seen along the intracellular region immediately below the plasma membrane (Fig. 

6.5A). Additionally there was dense labelling visible around the perinucleus (in what appears to 

be the Golgi body) (Fig 6.5A, white arrows). A 1-hour treatment with either NH4Cl or with the 

vehicle control (0.5% DMSO), had no significant effect on connexin43 labelling per cell 

compared to the untreated control (p>0.8) (Fig. 6.5B). The level of connexin43 labelling with 

Tonabersat (100 µM and 200 µM) and NH4Cl (10 mM) was 104.8% [95% CI, 93.9 to 112.4] 

and 104.6% [95% CI; 90.6 to 118.7] which were significantly greater than 100 µM (p<0.0001) 

and 200 µM (p<0.0001) Tonabersat treatments alone (Fig. 6.6A).  
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Figure 6.7: Tonabersat degrades connexin43 gap junction plaques via the lysosomal 

pathway in ARPE-19 cells. A. Quantification of the total area of connexin43 plaques per cell 

following treatment with Tonabersat (50–500 µM) or Tonabersat (50–500 µM) + NH4Cl for 6 

hours. Data are normalised to the untreated control and expressed as a percentage. B. No 

significant difference in connexin43 labelling was present between untreated control and 10 mM 

NH4Cl or vehicle control (0.5% DMSO) alone for 6 hours. Values represent mean ± 95% CI. 

**p=0.0035, ***p>0.0005. One-way ANOVA Tukey’s multiple-comparisons test. 

Following a 6-hour treatment in Tonabersat and NH4Cl (10 mM), punctate connexin43 labelling 

was distributed throughout the cell (Fig. 6.5A, lower image). Connexin43 plaques were removed 

from cell-to-cell contacts (Fig. 6.5A, lower image). The level of connexin43 labelling with 

Tonabersat (50–200 µM) and NH4Cl (10 mM) was 132% [95% CI, 110 to 155], 127% [95% CI, 

102 to 151], 109% [95% CI, 95 to 122] of the control, which were significantly greater than 50 

µM (p=0.0007), 100 µM (p=0.0005), and 200 µM (p=0.0035) Tonabersat treatments alone 

respectively (Fig. 6.7A). NH4Cl or 0.5% DMSO vehicle control had no significant effect on the 

total area of connexin43 labelling per cell compared to the untreated control (p>0.06) (Fig. 

6.7B).  
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6.3.6 Tonabersat results in reduced connexin43 mRNA relative to vehicle control 
(DMSO)  

 

Figure 6.8: Tonabersat results in reduced connexin43 mRNA transcription relative to 

vehicle control. Confluent monolayers of ARPE-19 cells were incubated with DMSO (vehicle 

control) or with 50 μM Tonabersat dissolved in DMSO for 1 hour. Bars represent mean ± 95% 

CI (n=3). One-way ANOVA Tukey’s multiple-comparisons test. *p=0.0166,**p=0.0071. 

Quantitative reverse transcriptase-qPCR was used to compare the relative differences in 

connexin43 mRNA in ARPE-19 cells. Expression of connexin43 mRNA following 1-hour 

treatment with Tonabersat (50 µM) [1.0; 95% CI, 0.89 to 1.1] was not significantly different to 

the untreated control [0.97; 95% CI, 0.84 to 1.1] (p=0.7116). However, DMSO significantly 

increased the relative connexin43 mRNA [1.2; 95% CI, 1.0 to 1.4] relative to untreated control 

(p=0.0071), which did not occur with DMSO in the presence of Tonabersat (50 µM) (p=0.0166) 

(Fig. 6.8).  
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6.4. Discussion  

This chapter provides evidence for the concentration- and time-dependent mode of action of 

Tonabersat. Short-term exposure to low concentrations of Tonabersat (10 µM) effectively 

inhibited connexin43 hemichannel-mediated ATP release. However, exposure to high 

concentrations of Tonabersat (<100 µM) not only uncoupled gap junctions, but the sustained 

long-term treatment caused connexin43 plaques to be internalised and degraded via the 

lysosomal pathway. The mode of action of Tonabersat will be discussed in the context of 

targeting connexin43 hemichannel-mediated lesion spread in ischemia and reperfusion injury. 

However, Tonabersat as a connexin hemichannel blocker may have far wider implications, and 

the significance of this will also be discussed below. 

A key finding of this chapter is that Tonabersat blocks hemichannel opening both during 

ischaemic injury and post-ischaemia (during reperfusion) in vitro using the model developed in 

chapter 4. Probenecid was required to uncover the inhibitory effects of Tonabersat during 

ischemic injury (Fig. 6.1B), but Tonabersat (10 µM) alone could inhibit ATP release during 

reperfusion injury (Fig. 6.2). Collectively, these results could suggest that Tonabersat is 

targeting primarily connexin hemichannels and is unlikely to inhibit pannexin channel mediated 

ATP release. It is interesting to note that the Tonabersat concentration of 10 µM was more 

effective than 100 µM, and Tonabersat (10 µM) was comparable to Peptide5 (100 µM) in the 

inhibition of ATP release. A low concentration of Tonabersat is likely to be most optimal for 

selectively targeting connexin hemichannel-mediated ATP release. As higher Tonabersat 

concentrations (>10 µM) were not linked to cell toxicity (Appendix Fig. 8.4.3.), the greater 

amount of ATP seen during ischaemic injury could be attributed to dual actions. For example 
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Tonabersat could inhibit hemichannels, but pannexin channels may be triggered to open in an 

off-target effect. However, further research would be required to establish the mechanism of 

action of Tonabersat on pannexin channels during ischaemic injury in vitro. Nevertheless the 

present data suggests that Tonabersat in combination with Pannexin channel blocker could be 

an effective treatment during ischaemic injury and Tonabersat alone in reperfusion injury. At 

both of these phases of injury a low concentration of Tonabersat was effective for the inhibition 

of ATP release.  

Figure 6.3 electrophysiology result indicates that Tonabersat is likely to have a direct and an 

immediate effect on hemichannel currents, causing closure in a reversible manner upon washout. 

Connexin43 hemichannel currents are notoriously difficult to record, and hemichannel size is 

said to vary with cell type and conditions (Professor Luc Leybaert, Ghent University, Personal 

Communication). The single channels here were smaller than the signature conductance of 220 

pS reported for connexin43 hemichannels (Contreras et al., 2003; Wang et al., 2012a) (although 

not inconsistent with a previous report by (Kang et al., 2008)). Further work on other cell types 

may be informative.  

This chapter also extended the work of Damoradam et al. (2008) on Tonabersat-mediated 

modulation of gap junctions. A single dose of Tonabersat (10 mg/kg) has been shown to 

counteract a pro-inflammatory mediator-induced upregulation of connexin26 gap junction 

expression in the CNS (Damodaram et al., 2009). Fig. 6.3 shows that Tonabersat-mediated 

uncoupling was minimal upon immediate application, but the extent of uncoupling increased 

over time. At least 50% of the functional gap junctions were retained even following prolonged 
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24-hour exposure to Tonabersat (Fig. 6.3); it is likely that a number of functional gap junction 

channels may still remain dispersed within the membrane.   

The time-dependent reduction in cell-to-cell communication led to a hypothesis that Tonabersat 

internalises connexin43 channels from the plasma membrane. While Damoradam et al. (2008) 

indicated that Tonabersat reduces connexin26 via the p38-MAPK pathway; there has been no 

evidence to suggest that Tonabersat is connexin26 specific. Fig. 6.4 provides evidence that 

Tonabersat removes connexin43 from the plasma membrane and also reduces the total amount 

of connexin43 plaques. These results led to an idea that Tonabersat alters the balance between 

connexin43 synthesis and degradation with a net outcome towards degradation. As previously 

mentioned in chapter 2, the lysosomal and proteasomal pathways are the two major routes for 

the degradation of connexin43 proteins (Musil et al., 2000; Qin et al., 2003). The plasma 

membrane proteins are degraded by the lysosomes whereas cytosolic and nuclear proteins are 

degraded by proteasomes (Laing et al., 1997). Hence, it was hypothesised that Tonabersat 

internalised connexin43 channels for degradation via the lysosomal pathway. Indeed there was 

an accumulation of connexin43 in the presence of Tonabersat and NH4Cl, a lysosome inhibitor, 

which is in line with the hypothesis, and the perinuclear localisation of connexin43 suggests 

accumulation of new protein in the Golgi (Das Sarma et al., 2002; Koval et al., 1997).  

DMSO significantly increased connexin43 mRNA relative to untreated control which is 

consistent with a previous report (Ozog et al., 2004). DMSO has been shown to cause 

cardiotoxicity in mice at the tissue level (Kramer et al., 1995), promote apoptosis (Chateau et 

al., 1996) and potentiate TNF induced cytotoxicity in human cell lines (Depraetere and Joniau, 

1995). Therefore, DMSO is likely to create an inflammatory environment that favours 
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hemichannel opening, and this may promote an increase in connexin43 mRNA transcription. 

Connexin43 hemichannel-mediated regulation of connexin43 has been demonstrated 

previously. Gap26 blocked cadmium mediated opening of hemichannels which also attenuated 

connexin43-elevating effects of cadmium (Li et al., 2013). Similarly, Tonabersat-mediated 

inhibition of hemichannels (Fig 6.1 and 6.2) could have prevented the rise in connexin43 mRNA 

induced by DMSO. However, it is uncertain why DMSO increased connexin43 mRNA but did 

not increase connexin43 protein. A possible explanation for this discrepancy is that DMSO 

increases transcription but does not increase protein translation. However, it is more likely that 

DMSO did not cause a detectable rise in connexin43 protein (by immunohistochemistry), 

particularly if the changes in protein expression were occurring at the hemichannel level. Future 

studies could utilise sensitive protein detection methods (e.g. flow cytometry) to address the 

discrepancy. 

In conclusion, this chapter provides a novel concentration- and time-dependent mechanism of 

action of Tonabersat. Short-term exposure to low concentrations of Tonabersat inhibited 

connexin43 hemichannel-mediated ATP release during injury but especially during reperfusion 

in vitro. At higher concentrations, a concentration- and time-dependent inhibition of connexin43 

gap junction coupling was observed. Exposure to high concentrations of Tonabersat not only 

uncoupled gap junctions, but sustained long-term treatment caused connexin43 plaques to be 

targeted for internalisation and degradation via the lysosomal pathway. Therefore, Tonabersat 

is not glia-neuron specific as previously suggested, it is not restricted to connexin26 expression 

modulation. Instead, Tonabersat acts to inhibit connexin hemichannel-mediated ATP release 

and through junction internalisation at higher concentrations. 
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Chapter 7. General discussion and 
conclusions 

 

The molecular modes of action of two promising connexin therapeutics, connexin mimetic 

Peptide5 (PeptagonTM) and Tonabersat, have been described in this thesis through the 

achievement of three major objectives. First, an in vitro ischemia-reperfusion assay was 

developed in order to define and differentiate connexin hemichannel responses from pannexin 

channel roles under cellular stress. This approach was also used in conjunction with the 

established scrape loading assay to differentiate connexin hemichannel and gap junction channel 

roles. Secondly, using the in vitro ischemia-reperfusion assay, Peptide5 was shown to target 

extracellular loop 2 of the connexin43 hemichannel to block ATP in a sequence specific manner. 

Thirdly, new insights into Tonabersat as a potential hemichannel blocker at a low concentration 

were demonstrated in the ischemia-reperfusion injury model in vitro. High concentrations of 

Tonabersat uncoupled, internalised, and degraded gap junction plaques via the lysosomal 

pathway.  

This final chapter discusses the contribution and applications of these three major objectives 

and summarises a role for hemichannels in cellular injury. Ideas for future work in connexin 

therapeutics are also discussed. Overall this thesis provides solid experimental evidence to 

support the clinical development of Peptide5 and Tonabersat for the treatment of retinal injury 

and disease.  
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7.1. Contributions and applications 

7.1.1 Objective 1: An in vitro model of ischaemia-reperfusion injury to assess connexin 
hemichannel and/or pannexin channel function  

Chapter two and four outlined the limitations of commonly used hemichannel assay techniques. 

This provided a rationale for developing an in vitro assay to quantify ATP release as a 

physiologically relevant way to assess hemichannel function. Differentiating connexin 

hemichannel and pannexin channel roles has been an ongoing issue for the field because 

pannexin channels share a number of similarities, including structural topology (e.g. large pore 

size) and function (e.g. ATP release in injury). Results in this thesis show that both connexin 

hemichannels and pannexin channels contribute to ATP release during ischaemic injury in vitro 

that can be inhibited by Peptide5 and Probenecid respectively, or by the nonspecific blocker, 

Carbenoxolone. However, connexin hemichannel opening accounted for the majority of ATP 

released from those two channel types following reperfusion.  

The in vitro model developed in this thesis provides a new tool for testing distinct hemichannel 

and gap junction channel characteristics, such as the CT–CL interaction mechanism (Ponsaerts 

et al., 2010), or for characterising new therapeutics that selectively modulate connexin 

hemichannels and pannexin channels. To what extent the model reflects the ischaemic sequelae 

in vivo remains to be tested, as ischaemia-reperfusion may not be so uniform. The results go 

some way, however, to suggest that both pannexin channel and connexin hemichannel block 

could contribute to improved outcomes after ischemic injury, and is consistent with the neuronal 

sparing effect of hemichannel blockers delivered during the post-injury reperfusion period 

(Davidson et al., 2013b). Figure 7.1 below integrates the findings from objective one with the 

current literature in order to highlight a role for hemichannels in the injury cascade and 

inflammation (Becker et al., 2015; Kim et al., 2016). 
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Figure. 7.1: A diagram illustrating Connexin43 hemichannel roles in the injury cascade 

(inflammasome pathway). ATP is released into the extracellular space following injury and 

cell death. Multiple cell types release ATP, including reactive inflammatory cells, astrocytes, 

microglia, and neurons in the CNS. The extracellular ATP (and ADP and derivatives) activates 

cell surface P2 purinergic receptors (P2YRs; GPCRs with seven transmembrane-spanning 

motifs) or nucleotide-gated ionotropic P2X receptors (P2XRs), which are ion channels. The 

nucleotides are further catalysed to adenosine, which activates cell surface P1 purinergic 

receptors. Binding of ATP to the P2X channels triggers a flux of Na+, Ca2+, and K+ ions across 

the pore. Activated P1 and P2 receptors trigger the intracellular signalling molecule, NLRP3, 

which binds to apoptosis-associated ASC. ASC in turn interacts with protease caspase1 (pro-

caspase1) to form the inflammasome complex. Activated caspase-1 cleaves pro-inflammatory 

cytokines to their active forms: IL-1 and IL-18. In addition to the purinergic receptor-mediated 

pathway, pathogen-associated molecular patterns (e.g. irritants, peptidoglycans, or bacterial 

LPS) and cell-derived damage-associated molecular patterns (e.g. inflammatory cytokines or 

chemokines) act as signalling molecules, binding to specific receptors such as the Toll-like 

receptors (TLRs), NOD-like receptors (NOD-R), and tumour necrosis factor receptor 1 (TNFR-

1). Activation of these receptors initiates the pro-inflammatory nuclear factor (NF-κβ) pathway 

to initiate cytokine release. Mitochondria are also at the centre of the cell death pathway that 

can be triggered by stimuli such as DAMPs, leading to elevation of reactive oxygen species 

(ROS) and activation of the NF-κβ pathway. Inflammation alters gene expression, including 
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upregulation of Cx43 mRNA, resulting in greater numbers of hemichannels at the cell surface 

where increased hemichannel opening leads to further ATP release and regulates the release of 

inflammatory cytokines. These cytokines may not pass through hemichannels directly, but 

hemichannel block significantly reduces their levels relative to untreated tissues. Pannexin 

channel opening, on the other hand, may be a regulated response leading to an ATP and UTP 

“find me” signal for phagocytes during apoptosis (Chekeni et al., 2010). Figure published in 

(Becker et al., 2015; Kim et al., 2016). 

7.1.2 Objective 2: Sequence-specific Peptide5 is required for Connexin43 hemichannel 
inhibition but not for gap junction uncoupling 

The therapeutic potential of Peptide5 was demonstrated in a preclinical model of retinal 

ischaemia-reperfusion injury, as it prevented endothelial cell loss thus reducing vascular 

permeability (Danesh-Meyer et al., 2012). Utilising the in vitro model of ischaemia-reperfusion 

injury developed in objective one, chapter five provides evidence that Peptide5 acts on 

extracellular loop two of Connexin43 to block Connexin43 hemichannel-mediated ATP release 

from human microvascular endothelial cells. Furthermore, chapter five demonstrates that 

precise Peptide5 sequence specificity is required to block Connexin43 hemichannels, but this 

level of specificity is not necessary for gap junction uncoupling. The well conserved SRPTEKT 

motif of Peptide5 was central to its function but on its own was not sufficient to block 

hemichannels at the concentration used.  

Furthermore, the data from modified analogues of Peptide5 highlighted key sites that contribute 

to Peptide5 function. An alanine substitution at position five caused a distinct loss in Peptide5 

function. As Connexin43 is the only subtype with a Leucine at this site (VDCFLSRPTEKT), 

Peptide5 is likely to be a Connexin43 isoform specific inhibitor. This could be verified by testing 

Peptide5 on Connexin40 (VNCYVSRPTEKT) or Connexin45 (IDCFISRPTEKT) specific cell 

lines.  
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7.1.3 Objective 3: A low concentration of Tonabersat inhibits Connexin43 hemichannels 
but a high concentration promotes degradation of gap junction plaques 

The work from this thesis has contributed to an understanding of the mode of action of 

Tonabersat (SB-220453), a novel cis benzyopyran compound that has been in phase II clinical 

trials as a prophylactic migraine treatment (Hauge et al., 2009; Silberstein et al., 2009). 

Tonabersat was generally well tolerated as an oral formulation (15, 25, 40, and 80 mg), but the 

clinical efficacy of Tonabersat has been inconsistent (Hauge et al., 2009; Silberstein et al., 2009). 

To date, there have been no follow-up studies to explain the discrepancy.  

This thesis furthers our understanding of the mode of action of Tonabersat. Application of a 

high concentration of Tonabersat (100–500 μM) uncoupled gap junctions in vitro, with 

junctional plaques internalised and degraded via the lysosomal pathway. Results here provide 

insight into the previously unexplored properties of Tonabersat at low concentrations. In 

particular, 10 μM of Tonabersat effectively blocked Connexin43 hemichannel-mediated ATP 

release during the reperfusion stage of the injury in vitro from human microvascular endothelial 

cells. However, 100 μM was relatively ineffective at blocking Connexin hemichannels which 

demonstrates a concentration-dependent mechanism. Therefore, a low concentration of 

Tonabersat should be explored in further in vivo studies as the high concentration of Tonabersat 

disrupts the gap junction syncytium. Furthermore, the results in this thesis indicate that a 

combined Tonabersat and Probenecid treatment could be an effective strategy against ATP 

release from connexin and pannexin channels in ischemia-mediated injuries.  
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7.2. Future perspectives  

7.2.1 Clinical application of Peptide5 and Tonabersat to target the inflammatory 
response in injury and disease      

This thesis has demonstrated that connexin43 hemichannels significantly contribute to ATP 

release following injury and reperfusion of endothelial cells in vitro. It is well established in the 

literature that stressed apoptotic or necrotic cells release ATP into the extracellular space, which 

initiates purinergic signalling and inflammation (Cekic and Linden, 2016)(Fig 7.1). This section 

provides a rationale for Peptide5 and Tonabersat as a potential immunotherapeutic treatment to 

target a wide range of pathologies, including ocular injury and diseases, stroke injuries, 

autoimmunity, or cancer.   

The purinergic pathway is activated in tissue injury and is comprised of three time-dependent 

phases (acute, sub-acute, and chronic) (Cekic and Linden, 2016). The acute inflammatory phase 

(minutes to hours) involves the rapid release of ATP into the extracellular space via  connexin 

channels, pannexin channels, maxi-anion channels, and P2X7 receptors from apoptotic and 

necrotic cells (Kim et al., 2016). Extracellular ATP acts as a chemoattractant to activate 

phagocytes and platelets, and stimulates local vasodilation in the injured tissue (Chekeni et al., 

2010; Elliott et al., 2009; Harrington and Mitchell, 2004).  

In the subacute phase of injury (days to minutes), ATP is rapidly hydrolysed in a stepwise 

manner to ADP, AMP, and then adenosine by ectoenzymes (Eltzschig et al., 2012). The 

accumulation of adenosine stimulates the release of VEGF, a potent endothelial cell mitogen, 

and promotes wound-healing responses such as angiogenesis (Grant et al., 1999). Furthermore, 

fibrosis (scarring) is promoted by high levels of VEGF and interleukin-6 (IL-6) (Cui et al., 

2014). While these events are considered to be anti-inflammatory, the persistence of VEGF and 
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IL-6 in circulation can trigger chronic inflammation (weeks or longer) to promote the growth of 

abnormal blood vessels (neovascularisation), vascular leak, tissue modelling, and fibrosis. A 

high level of circulating VEGF is particularly problematic in chronic ocular diseases, including 

diabetic retinopathy (Boulton et al., 1998), and age-related macular degeneration (Miller et al., 

1994). For this reason, anti-VEGF treatments (e.g. Lucentis, Avastin) have a large presence in 

the ocular pharmaceutical market (for review, see (Zhang et al., 2012)).  

While anti-VEGF treatments transiently stabilise abnormal neovascular vessel growth, anti-

VEGF is non-specific and could also compromise the normal vasculature (Danesh-Meyer et al., 

2015), normal angiogenesis, and the anti-inflammatory response. Therefore, targeting connexin 

hemichannel-mediated ATP release could be an effective strategy to intervene in the injury 

cascade further upstream (for review, see (Becker et al., 2016; Danesh-Meyer et al., 2015; Kim 

et al., 2016; Zhang et al., 2014)). Recent studies of the inflammatory cascade have identified a 

multi-protein unit termed ‘inflammasome’ as the pivotal link between the ATP-purinergic 

pathway and the release of inflammatory cytokines (e.g. IL-1β) (Martinon et al., 2004). It is 

possible that connexin hemichannels act as a ‘switch’ to activate the inflammasome protein 

(Kim et al., 2016). A further extension of the ischaemia-reperfusion model developed in 

objective one would be to establish the relationship between ATP concentration and 

inflammatory cytokine release. Connexin mimetic peptides have been shown to successfully 

target inflammation. For example, Gap27 has been used to attenuate bradykinin (an 

inflammatory peptide) mediated vascular endothelial permeability in vitro and in vivo by 

inhibiting Connexin37 and Connexin43 hemichannel activity (De Bock et al., 2011). Gap27 has 

also been shown to protect against the adverse effects of the cryoprotection/thawing process 

used for surgical vascular grafts by reducing apoptotic endothelial cell death in the arterial wall 
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(Bol et al., 2013). Furthermore, Peptide5 has shown to improve retinal function and reduce 

inflammation in a retina light-damaged albino rat model (Guo et al. 2016, in press).  

Peptide5 and tonabersat could also be used in combination with Pannexin and P2X7 receptor 

blockers to attenuate the ATP release that initiates the earliest phase of inflammation in injury 

and disease, infection, or cancer. Peptide5 and tonabersat treatments could be applicable to both 

the retina and CNS pathologies. The retina is an extension of the CNS as the axons of the retinal 

ganglion cells form the optic nerve (CNS axons). There are also similarities in the immune 

responses of the retina, brain, and the spinal cord with ocular manifestations providing a window 

to CNS disorders, including stroke (Wong et al., 2001), multiple sclerosis (Fisher et al., 2006; 

Ghezzi et al., 1999), Parkinson’s disease (Archibald et al., 2009; Moschos et al., 2011), and 

Alzheimer’s disease (Kesler et al., 2011; Paquet et al., 2007). Given the similarities and 

interrelationships between the retina and the brain, Peptide5 and Tonabersat therapeutic 

approach could support and advance research into the treatment of CNS pathologies.  

7.2.2 New peptide sequences and combinations 

In the site of action study, a combination of mimetic peptides corresponding to EL 1 and EL2 

showed a significantly greater efficacy than Peptide5 alone. As outlined in chapter 5, these 

combinations were Peptide5 with EL1, EL1b, and EL1c, and these EL sequences contained 

either the complete or partial Gap26 sequence. Therefore, Gap26 and Peptide5 combinations 

could be delivered together or linked as VDCFLSRPTEKT-VCYDKSFPISHVR to target both 

EL1 and EL2 of a hemichannel.  

Connexin40 have been shown to be novel target for cancer therapy through the application of 

40Gap27 (SRPTEKNVFIV) (which differs by 3 amino acids to 43Gap27 (SRPTEKTIFII)) 
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(Alonso et al., 2016). Alonso et al. (2016) interfered with Connexin40 activity to reduce the 

formation of new capillary-like vessels in tumours, which are primarily made of endothelial 

cells (Alonso et al., 2016). A pan-peptide could be designed to target the major connexins of the 

vascular endothelium, which includes Connexin40 (VNCYVSRPTEKN), Connexin43 

(VDCFLSRPTEKT), and also Connexin37 (VDCFVSRPTEKT). Again, these sequences could 

be delivered as separate units or as a combination peptide (VNCYSRPTEKN-

VDCFLSRPTEKT-VDCFVSRPTEKT). An alternative strategy would be to design a generic 

multi-isoform peptide through modification of Peptide5. In chapter 5 it was shown that sites 

VDCFLSRPTEKT (bold, underlined) are not crucial for specificity and function. Therefore, 

some possible combinations for a generic multi-isoform peptide to target Connexin43, 

Connexin40, and Connexin 37 of the endothelium include:  

 VDCFLSRPTEKN 

 VDCFVSRPTEKT 

 VDCFVSRPTEKN 

These potential multi-isoform peptides (assuming they retain function) could be used to 

minimise vascular injury in the retina and the CNS based on the shared characteristics of these 

organs outlined above (section 7.2.1). Another potential clinical application for a generic multi-

isoform peptide could be in heart disease, as Connexin43, Connexin40, and Connexin 37 are the 

major subtypes in human cardiomyocytes (Severs et al., 2004).   

7.3. Conclusion 

In conclusion this thesis has provided new insights into the molecular mode of action of Peptide5 

(PeptagonTM) and Tonabersat. Peptide5 exhibits a sequence-specific mechanism by acting on 
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extracellular loop 2 of the Connexin43 hemichannels to block ATP release in ischemic-

reperfusion injury in vitro. Tonabersat blocks connexin43 hemichannel-mediated ATP release 

particularly during the reperfusion phase in vitro. At a relatively high concentration, however, 

Tonabersat uncouples, internalises, and degrades gap junction plaques via the lysosomal 

pathway. The present work also demonstrates that both connexin hemichannels and pannexin 

channels mediate ATP release during ischemic injury, but connexin hemichannels appear to be 

the primary contributor to the ATP release during reperfusion injury. Collectively, these major 

findings support the clinical development of PeptagonTM and Tonabersat as novel connexin 

therapeutics for the treatment of retinal injury and disease. 
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Chapter 8. Appendices 

8.1. Appendix A – Antibody testing results for HeLa cell lines 

 

Figure 8.1: Cx43IRESeGFP HeLa cells labelled for goat anti-rabbit secondary antibody 

(Alexa 568) and DAPI only. 

 

Figure 8.2: Connexin-deficient (wild-type) HeLa cells labelled for DAPI (left) and 

Connexin43 and goat anti-rabbit secondary antibody (Alexa 568) (right). 
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Figure 8.3: Cx43IRESeGFP HeLa cells labelled for Pannexin-1 (A) and Pannexin-2 (B) 

and DAPI. A. Pannexin-1 and DAPI overlay (left) and Pannexin-1 (right). B. Pannexin-2 and 

DAPI (left) and Pannexin-2 (right).  
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8.2. Appendix B – ATP release from hCMVEC cells in the ischemia-reperfusion model 

 

Figure 8.4: A significant difference in extracellular ATP concentration between control 

and ischaemia-only injury for two hours  

8.3. Appendix C – hCMVEC Connexin43 labelling  
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Figure 8.5: Connexin43 plaques interdigitate in hCMVEC cells at cell-to-cell interface. 

Untreated cells were labelled for Connexin43 (red) and DAPI (blue). White arrows highlight 

interdigitating Connexin43 label. Scale bar represents 30 µm. 

8.4. Appendix D – Tonabersat  

8.4.1 Tonabersat calculation conversion from mg kg-1 to µM 

Tonabersat has been tested at 10 mg kg-1 in vitro in rats weighing 225 g (Damodaram et al., 

2009).   

10 mg kg-1 x 0.225 kg = 2.25 mg  

Molecular weight of Tonabersat is 391.82 g/mol 

0.00225 kg/ 391.82 g/mol = 5.74 x 10-6 mol 

Assuming an average blood volume of 16 mL of a 225 g rat  

5.74 x 10-6 /0.016 x1000 x 1000 = 358.90 µM 

Therefore, an estimated concentration of 358.90 µM has been previously used in an in vitro 

study by (Damodaram et al., 2009). 
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8.4.2 Tonabersat vehicle control (DMSO solvent) has no significant effect on ATP 
release from hCMVEC cells in ischemic conditions 

 

Figure 8.6:  Tonabersat vehicle control (DMSO solvent) has no significant effect on 

hCMVEC cells in ischemic injury conditions. ATP released from hCMVEC cells following 

2 hour exposure to injury and treatment with 0.001%, 0.01%, and 0.1% DMSO in vitro. 

Quantification of the total extracellular ATP release is presented as a percentage of the injury 

control for each treatment group. One-way ANOVA, Tukey’s multiple comparison test. Values 

represent mean ± standard error. n=3 independent experiments, 2 wells in each treatment group.  

8.4.3 MTT assay methods and results 

The hCMVEC cells were seeded in a collagen-coated 96-well plate at 1 x 104 cells/well and 

incubated in culture medium overnight. The following day, cells were washed twice with PBS 

and incubated in culture medium with Tonabersat (0.2 μM, 2 μM, 20 μM, and 200 μM) for 24 

hours. Following incubation, the culture media was removed and replaced with 100 µL of PBS. 

A volume of 10 µL of MTT stock (5 mg/mL) was added to each well, except for the blank 

control, and left to incubate at 37°C for 4 hours. The solution was then aspirated from each well 

and replaced with 50 µL of DMSO (Sigma) as a solvent. Viability was determined by measuring 

the absorbance at 595 nm in a plate reader (OPTIMA FLUOstar, BMG), and each measurement 
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was standardised to the no-treatment control in each experiment. Results represent mean ± 

standard error and statistical tests were conducted using a one-way ANOVA followed by 

Tukey’s multiple comparisons test.  

 

Figure 8.7:  The effect of Tonabersat (0.2 μM, 2 μM, 20 μM and 200 μM) for 24 hours on 

hCMVEC cells. There was no significant reduction in cell viability in response to vehicle (0.2% 

DMSO) or Carbenoxolone (200 µM) (p = 0.9029, p = 0.4719). No significant reduction in cell 

viability was observed at the highest Tonabersat concentration of 200 µM (p = 0.378). 

Experiment conducted by Jarred M. Griffin. 
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