
 
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

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

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

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

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

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

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

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


 

 

 

Intravitreal injection of connexin43 mimetic 

peptides for the treatment of optic 

neuropathy using an in vivo retinal 

ischaemia-reperfusion rat model 

 

 

 

 

Ying-Shan (Erica) CHEN 

 

 

 

A thesis submitted in fulfilment of the requirements for the 

degree of Doctor of Philosophy in Ophthalmology 

The University of Auckland 

New Zealand 

 

March 2014 

 



 

II 

 

Abstract 

Optic neuropathy is associated with retinal ganglion cell (RGC) loss leading to optic nerve 

damage and visual impairment. Uncontrolled connexin43 (Cx43) hemichannel opening 

plays a role in RGC loss. Thus, inhibition via Cx43 specific mimetic peptides (MP) may 

prevent further cell death. However, the highly hydrophilic character and poor stability of 

native peptides can limit efficient delivery in a clinical setting. The purpose of the present 

study was to improve the stability and permeability of Cx43 MP by chemically conjugation 

to C12-lipoamino acid (Laa) groups or a sugar moiety as well as encapsulating the peptide 

within poly(D,L-lactide-co-glycolide) (PLGA) micro- (Mps) and nanoparticles (Nps). In 

addition, in vivo studies investigated the ability of intravitreal injection of these different 

formulations to promote RGC survival in a retinal ischaemia-reperfusion rat model.  

Cx43 MP and its modifications were successfully synthesised with high purity (>95%) and 

acceptable recovery (23-35%). Conjugation to C12-Laa or sugar did not affect the 

functionality of Cx43 MP. In addition, stability studies in bovine vitreous showed 

improved stability of modified peptides up to almost three-fold compared to the 

unmodified Cx43 MP. The Mps and Nps size was around 9 µm and 113 nm, respectively, 

and Cx43 MP entrapment efficiency was 97% (Mps) and 70% (Nps). A triphasic release 

profile was observed with an initial burst of surface-bound Cx43 MP followed by slow 

release due to polymer erosion and further drug release after complete particle breakdown, 

with 100% release achieved after 112 (Mps) and 63 (Nps) days, respectively. Mps and Nps 

displayed a delayed effect on Cx43 regulation and RGC preservation but were unable to 

down regulate the initial inflammatory response. A combination of both immediate and 

sustained delivery of Cx43 MP may eventually be optimal to promote RGC survival in 

chronic disease conditions. The modified C12-C12-Cx43 MP, however, with its increased 

lipophilicity and vitreous stability, showed the most promising results in preventing vessel 

leak and inflammation, sparing 80% of RGC. This effect lasted for a minimum of four 

weeks, suggesting that these molecules may be a clinically relevant neuroprotective tool in 

the treatment of optic neuropathies.  
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1.1.   Glaucoma 

Glaucoma is one of the major diseases resulting in blindness worldwide, affecting more than 

8.4 million people, which corresponds to 21% of the world‟s total blindness (Quigley & 

Broman, 2006). In New Zealand it affects at least 2% of the population over 40 years 

increasing to 10% over the age of 70 (Save-Our-Sight: Glaucoma, 2011). Vision loss mostly 

occurs slowly over years, which is why glaucoma is also called “the vision thief”. In the 

early stage of glaucoma loss of optic nerve fibres occurs. By the time it progresses to the 

stage at which there are apparent changes in the retinal nerve fibre layer, optic disk, or visual 

function, the patient still has no symptoms, and only late in the course of the disease does the 

patient become symptomatic, and eventually blind, if not adequately treated. Glaucoma is 

increasingly common as the population ages, but with different geographical and racial 

distributions with higher numbers in the black and Hispanic population. Effective 

intervention to prevent blindness from glaucoma is difficult, particularly in developing 

countries, due to unavailable detection in the early stages and poor compliance with 

medications. Therefore, glaucomatous blindness will continue to increase globally, reflecting 

the ageing of the population and the lack of sufficient eye care, and patient education and 

communication must be ongoing to sustain successful treatment plans for this lifelong 

disease. 

Glaucoma can roughly be classified into primary glaucoma, in which the process affects both 

eyes and is not the result of any recognized trauma, and secondary glaucoma, which often 

affects only one eye and is a consequence of a recognized trauma such as infection, 

mechanical injury, or neovascularization (Paton & Craig, 1976). Primary glaucoma is further 

divided on the basis of the anterior chamber angle. In angle-closure glaucoma the pressure 

becomes elevated as a consequence of interference with aqueous outflow due to adhesions 

developing between the iris and the trabecular meshwork, while in open-angle glaucoma 

aqueous humor cannot flow effectively through the trabecular meshwork (Weinreb & Khaw, 

2004). Both cause an increase in intraocular pressure (IOP) resulting in damage to the optic 

nerve and therefore leading to vision loss.  
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Most, forms of glaucoma have been characterised by having an IOP above 21 mmHg or 

2.9 kPa, although later research indicated that the majority of people with IOP above 21 mm 

Hg do not develop glaucomatous visual field loss (Gordon et al., 2002). Additionally, up to 

40% of patients with documented glaucomatous visual field loss never achieve IOP higher 

than 21 mm Hg. Nevertheless, high IOP still appears to be the main risk factor in the process 

of the disease.  

IOP is maintained at normal levels when some of the fluid produced by the eye is allowed to 

flow out. The aqueous humor is secreted by the ciliary body where it flows from the 

posterior chamber through the pupil into the anterior chamber (Figure 1-1). There are two 

different ways to excrete aqueous humor. Conventionally, 80 to 90% flows out via 

Schlemm‟s canal which connects with 25 to 35 drainage canals and the episcleral vein 

system at the angle of the anterior chamber, called the trabecular meshwork route. Another 

10 to 20% leaves the eye via the uveo-scleral route. 

 

Figure 1-1.  Schematic diagram of the aqueous humor transport processes. 
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There is limited information on the exact mechanisms of optic nerve damage in glaucoma. 

We currently understand the pathophysiology of glaucoma as a progressive loss of retinal 

ganglion cells (RGC) and their axons resulting in visual loss that is often caused by elevated 

IOP and ends with degeneration of the optic nerve. Increased IOP is believed to lead to 

excitotoxicity (Brooks et al., 1997; Levin, 2005), an accelerated rate of apoptosis leading to 

the loss of RGC (Okisaka et al., 1997; Quigley et al., 1995) and compressive damage to the 

optic nerve (O'Neill et al., 2009). The lamina cribrosa, a recognized site of optic nerve 

damage, generally helps to maintain the pressure changes between the inside of the eye and 

the surrounding tissue (Jonas et al., 1992). As a result of high IOP, the lamina cribrosa is 

structurally weaker than the much thicker sclera and more sensitive to changes in the IOP 

and is liable to react to increased pressure via posterior displacement. This is thought to be 

one of the reasons for nerve damage, as the displacement of the lamina cribrosa causes 

deformation of nerve fibers and blood vessels (Bellezza et al., 2003; Morgan-Davies et al., 

2004). Furthermore, continuing high IOP results in block of peptide movement, chemical 

signals and electrical impulses at the lamina cribrosa (Bellezza et al., 2003; Weinreb, 2005). 

There are several other causes of nerve damage in glaucoma suggested including excessive 

glutamate neurotoxicity (Chen et al., 2007; Kawakami et al., 2001; Shen et al., 2004), 

inflammatory cytokines (Müller et al., 2007; Rao et al., 2008; Wax, 2000), autoimmunity 

(Schwartz, 2003), intracellular calcium toxicity (D'Hondt et al., 2007), changes in retinal or 

choroidal blood flow and ischaemia (Kawakami et al., 2001; Osborne et al., 1999; Weuste et 

al., 2006). These are progressive with irreversible damage to the optic nerve. However, 

current treatments of glaucoma aim to maintain IOP rather than prevent or rescue the 

damage of the optic nerve and therefore the effects on glaucoma therapy are limited.    

1.1.1.   Conventional treatment of glaucoma 

Ocular hypertension is only one of the risk factors associated with glaucoma and can be 

reduced by glaucoma filtration surgery or medications through varying pharmacologic 

mechanisms. Even reduction of a few mm Hg can slow the progression of the disease (Kass 

et al., 2002; VanVeldhuisen et al., 2000). Topical drops are the most common treatment 

option for elevated IOP. There are several classes of drugs to lower the IOP (Table 1-1). 

Most of the pharmacological approaches have focused on two main targets: increasing 
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aqueous humor outflow and/or decreasing aqueous humor production. Each of these may 

have local and systemic side effects. In addition, they are only temporary solutions and do 

not promote the recovery of already damaged RGC. Presently, there is no treatment available 

that reverses optic neuropathy caused by glaucoma. However, new approaches are currently 

been researched and will be discussed in the next section.  

Table 1-1.  Classes of IOP lowering eye drops available in New Zealand  

A. Increasing aqueous humor outflow 

Class of drugs Mechanism Adverse reactions 

Cholinergic agents 

(parasympathomimetics): 

Pilocarpine (Pilopt; Isopoto 

carpine) 

 

Contraction of the ciliary muscle and 

tightening of the trabecular meshwork 

allowing increased outflow of aqueous 

humor 

Ocular irritation; decreased 

night vision; headache; brow 

ache 

Prostaglandin analogues: 

Latanoprost (Hysite) 

Travoprost (Travatan) 

Increase of uveo-scleral outflow  Eye irritation; vellus hair 

changes;  increased iris 

pigmentation 

B. Decreasing aqueous humor production 

Class of drugs Mechanism Adverse reactions 

Beta-blockers: 

Timolol (Timoptol) 

Betaxolol (Betoptic) 

Levobunolol (Betagan) 

Decrease of aqueous humor production 

by inhibiting β2-receptors in the ciliary 

process 

Ocular irritation; 

conjunctivitis; cardiac and 

respiratory failure 

Carbonic anhydrase 

inhibitors:  

Dorzolamide (Trusopt) 

Acetazolamide (Diamox) 

Brinzolamide (Azopt) 

Decrease in the secretion of aqueous 

humor by inhibiting carbonic anhydrase 

in the ciliary body 

Eyelid irritation, 

inflammation; ocular 

burning; corneal oedema; 

headache; nausea 

C. Increasing aqueous humor outflow & decreasing aqueous humor production 

Class of drugs Mechanism Adverse reactions 

Alpha2-adrenergic 

agonists: 

Brimonidine tartrate 

(Alphagan) 

Decrease aqueous secretion and 

increasing uveo-scleral outflow 

Ocular hyperaemia; foreign 

body sensation; headache; 

fatigue; drowsiness 

Sympathomimetics: 

Phenylephrine (Minims 

Phenylephrine ) 

Increase outflow of aqueous humor 

through the trabecular meshwork, 

probably by a β2-agonist action and 

decrease aqueous production by the 

ciliary body (only for open-angle 

glaucoma) 

Conjunctival pigment 

deposits; tear duct 

blockades; heart palpitations 

with an increased heart rate 
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1.1.2.   Neuroprotection as novel strategy for glaucoma 

treatment 

The greatest area of need in the treatment of glaucoma is control of the damage to the 

neurosensory retina caused by high IOP, an approach called neuroprotective therapy. At 

present, increased IOP is the only known factor in most patients that contributes to 

glaucoma and that can currently be treated. In contrast, neuroprotection offers the 

opportunity to prevent optic nerve fibre and RGC loss independent of IOP changes. 

Neuroprotection is a therapeutic theory directed at protecting or preventing apoptosis or 

degeneration of neurons or diseased neuronal tissue to preserve and maintain physiological 

function.  

Several pathogenic mechanisms have been proposed to induce apoptotic RGC death in 

glaucoma. These include reduced neurotrophic factors and cytokine deprivation to neurons, 

altered intracellular calcium levels and excitotoxicity due to raised extracellular levels of 

certain neuro-transmitters and neuro-modulators (Nickells, 1999; Quigley, 1999) (Figure 1-

2). During recent years, researchers have sought to introduce neuroprotection into the 

management of glaucoma. However, studies have suffered a number of setbacks. 

Numerous pharmacologic neuroprotective agents that were initially investigated in the 

laboratory have failed to translate to the clinic. There are a number of potential reasons for 

these discrepancies, including the fact that an animal model cannot properly simulate 

human disease and that the pathophysiology of human diseases is intrinsically different 

from that in animals. Still, preliminary findings continue to suggest that there may be a role 

for neuroprotection in the treatment of glaucoma. 

1.1.2.1.   Anti-excitotoxic agents 

Excitotoxicity has been implicated in almost all chronic neurodegenerative diseases. 

Glutamate is an essential neurotransmitter in the nervous system as well as the retina. It 

causes neuronal cell injury when the concentration is higher than the normal physiological 

level. Anti-excitotoxic agents such as N-methyl-D-aspartate (NMDA) receptor antagonists, 
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glutamate release inhibitors and calcium ion (Ca
2+

) channel blockers are used to interfere 

with the glutamate excitotoxic cascade. 

 

Figure 1-2.  The pathogenic mechanisms of apoptotic RGC death and possible neuroprotective 

approaches 
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NMDA receptor antagonists - Memantine 

To date the only clinical trials in this area are using an uncompetitive NMDA receptor 

antagonist inhibiting glutamate-activated ion-channels from opening (Danesh-Meyer, 2011; 

Weinreb, 2005). Excess glutamate results in NMDA receptor over-activation as well as 

excitotoxicity. Memantine has been shown to increase RGC numbers in several animal 

models of glaucoma (Hare et al., 2004; Osborne et al., 1999). However, the largest 

randomized, progressive, phase III clinical trials in open angle glaucoma disappointingly 

failed to meet the primary outcome measures (Osborne, 2009). It is possible that the results 

were at least partially affected by the fact that glaucoma subjects in this trial had diverse 

types of glaucoma and IOP-lowering treatments at baseline as well as during the study. In 

addition, in a glaucoma monkey model which had shown neuroprotective effects, 

memantine was applied before the actual insult (Hare et al., 2004). Although the trials did 

not demonstrate significant efficacy, additional analyses are still ongoing. 

Glutamate release inhibitors 

Alpha2-adrenergic agonists such as brimonidine are currently used to treat glaucoma by 

decreasing aqueous secretion and increasing uveo-scleral outflow. Although the 

mechanism of neuroprotection of brimonidine remains unknown, there is evidence 

indicating that it inhibits glutamate release to provide neuroprotection (Donello et al., 

2001). Treatment with brimonidine has also shown increased survival of RGC after optic 

nerve and retinal injury in various animal models (Goldenberg-Cohen et al., 2009). 

1.1.2.2.   Ca
2+

 channel blockers 

Ca
2+

 is an important cation that is usually controlled by mitochondria and Ca
2+

 binding 

proteins. There are three different Ca
2+

 channels including voltage-sensitive, store-operated 

and receptor-operated channels such as the NMDA receptor. Excessive Ca
2+

 leads to 

cytotoxicity. Neuronal death and axonal degeneration are associated with an increase in 

intracellular and intra-axonal Ca
2+

.  
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Ca
2+

 channel blockers such as nifedipine and lomerizine have been shown to improve 

glutamate metabolism and increase blood flow to the RCG which can provide substantial 

neuroprotection against RGC loss in a rat model (Fitzgerald et al., 2009; Netland, 1993). 

However, due to differential effects on necrotic and apoptotic death with time and inability 

to completely prevent secondary RGC death, it has been suggested to combine lomerizine 

with other treatments to achieve full neuroprotection (Fitzgerald et al., 2009). Furthermore, 

negative side effects have been seen, for example, in cardiac patients who use beta 

blockers. Thus, Ca
2+

 channel blocker is a theoretically good for the prevention 

neurodegeneration, but there are problems in the practical use and more preclinical studies 

are required. 

1.1.2.3.   Neurotrophic factors    

Neurotrophins are growth factors which are capable of signalling particular cells to survive, 

differentiate, or grow, and are specifically implicated in neuronal development, 

maintenance, and health. Ciliary neurotrophic factor (CNTF), one of the nerve growth 

factors (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) bind 

to cell surface receptors called tropomyosin-related kinase (Trk) A, B and C respectively to 

activate signal transduction (Parrilla-Reverter et al., 2009; Saragovi et al., 2009).  

Pharmacological agents that directly modulate the cell surface receptor systems involve 

either supplying RGC with exogenous neurotrophins or inducing endogenous expression of 

neurotrophins.  

Various studies in experimental models have shown that neurotrophic factors, especially 

BDNF (Mansour-Robaey et al., 1994; Parrilla-Reverter et al., 2009) and CNTF (Ji et al., 

2004; Müller et al., 2007; Parrilla-Reverter et al., 2009) can enhance survival of RGC after 

optic nerve injury in animals. However, there are no adequately powered human clinical 

trials to substantiate this. Only one study evaluated NGF administrated as an eye drop in 

three glaucoma patients and demonstrated long lasting improvements in visual field and 

optic nerve function, contrast sensitivity, and visual acuity (Lambiase et al., 2009). 

Recently, it has been shown that a combination of BDNF and an antagonist to leucine-rich 

repeat protein, LINGO-1, a known negative regulator of neuronal survival, significantly 
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enhanced long-term RGC viability (Fu et al., 2009) compared to BDNF alone (Fu et al., 

2008). Most of the investigations have focused on BDNF, and although results are 

promising, they still remain inconclusive (Chidlow et al., 2007; Fu et al., 2009). Another 

interesting possible therapeutic agent is pigment epithelium-derived factor (PEDF). 

Transfected PEDF was protective of RGC in the DBA/2J glaucoma mouse model which 

showed reduced levels of tumour necrosis factor (TNF), IL-18, and glial fibrillary acidic 

protein and showed an anti-inflammatory effect preserving RGC (Zhou et al., 2009). 

Similarly, normal rats that were treated with SIV-hPEDF and the retinas subjected to 

transient ocular hypertension stress or NMDA injection two weeks later were shown to 

have a great survival of RGC in treated eyes with their electroretinograms also improved 

(Miyazaki et al., 2011).  

1.1.2.4.   Anti-apoptotic agents 

Apoptosis is a common process of programmed cell death. Generally, it refers to cell 

changes including cell shrinkage, loss of cell membrane asymmetry and attachment, 

genomic fragmentation and nuclear pyknosis. Additionally, in necrosis, cell fragments 

called apoptotic bodies can spill out into surrounding cells and cause damage, hence killing 

other cells. 

Two approaches for inhibiting apoptosis have been proposed. The first approach promotes 

survival pathways by activating anti-apoptotic extracellular signal regulated kinase (ERK) 

and Akt also known as Protein Kinase B (PKB). Mitochondrial membrane-bound proteins 

are well known as apoptotic regulators. While some proteins in this family inhibit 

apoptosis (e.g. Bcl-2, Bcl-XL), others promote it (e.g. Bax, Bad, Bid). Reduction of Bax 

protein expression offers a perspective to inhibit secondary neuronal degeneration in vivo 

(Isenmann et al., 1999). Also, N-b-alanyl-5-S-glutathionyl-3,4-dihydroxyphenylalanine (5-

S-GAD), a substance isolated from the flesh fly, has been introduced to mediate the cell 

survival phospho-Akt/Bcl-2 system in the retina and offers a therapeutic option to rescue 

RGC (Koriyama et al., 2008). A second method is to block the apoptotic machinery by 

using caspase inhibitors. Caspases such as caspase-3 are proteases which cleave specific 

substrates involved in disassembly of cellular contents during apoptosis. Some 
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experimental glaucoma models have shown that inhibition of caspases can be 

neuroprotective (Citron et al., 2008; Ozawa et al., 2002).  

1.1.2.5.   Gap junction / hemichannel blockers 

As other processes such as autophagy and necrosis may also play a role in RGC death in 

glaucoma, inhibition of apoptosis alone may not completely prevent neuronal death 

progression. Spread of cellular death signals occurs in connection with direct intercellular 

communication which is modulated by gap junction proteins. It is well recognized that 

these protein isoforms can either function as head-to-head-docked gap junction channels 

establishing direct cell-to-cell interactions or as free unapposed hemichannels which may 

release signalling molecules affecting neighbouring cells (Hervé & Derangeon, 2013; Kar 

et al., 2012; Scemes et al., 2009). Gap junction channels play a critical role in the cell-to-

cell transfer of electrical conductance (Na
+
, K

+
, Ca

2+
) and small molecules such as 

metabolic coupling (ATP/ADP, glucose, glutamate, glutathione) and secondary messengers 

(IP3, cAMP) (Kar et al., 2012). These channels are necessary for cell survival but also 

transport death signals which are reported to trigger the cell suicide program (Wright et al., 

2001). Thus, reduced intercellular communication may stop transport of death factors that 

result in cell loss (Yasui et al., 2000). 

Hemichannels mediate the flux of many substances, including ions and molecules, thereby 

contributing to the coordination of intracellular and intercellular signalling pathways in cell 

survival, proliferation and death which are associated with paracrine signals in the 

propagation of intercellular Ca
2+

 waves (Contreras et al., 2002). Moreover, evidence is 

accruing that hemichannels may contribute to “center-surround” antagonism in the retina 

(Agullo-Pascual et al., 2013; Goodenough & Paul, 2003) and ischaemia-related cell death 

(Danesh-Meyer et al., 2012). A review of the literature suggests that bystander cell death 

plays a predominant role in models of prolonged ischaemia or traumatic brain injury 

(Frantseva et al., 2002a) and it is clear that uncontrolled opening of hemichannels plays an 

important role during this process (Thompson et al., 2006). As a consequence, 

proapoptotic agents can diffuse from dying to otherwise viable cells in the periphery of the 

lesion by opening of hemichannels and so further induce irreversible tissue injury. 
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Growing evidence in fact suggests that hemichannels but not gap junctions play a major 

role in the control of cell death. Thus diseases resulting from hemichannel dysfunction 

might open up a new direction for the development of specific hemichannel reagents. 

Therefore, connexins (Cx), which are the structural components of hemichannels, could 

serve as potential drug target for therapeutic intervention. The role of Cx in inflammation 

and disease will be further discussed in the following section.  

Cx mimetic peptides (MP) which are small peptides mimicking a sequence corresponding 

to sequences of Cx hemichannels have been used as reversible inhibitors of hemichannel 

opening (Iyyathurai et al., 2013; O'Carroll et al., 2008). These peptides are promising tools 

for exploring the role of gap junctions and Cx hemichannels in pathological conditions and 

diseases, and offer interesting possibilities towards defining novel molecular therapeutic 

targets (Chen et al., 2013a; Rupenthal et al., 2012). This opens novel scientific and 

therapeutic perspectives for these peptide variants to selectively inhibit hemichannels while 

maintaining gap junction coupling. The use of Cx MP to prevent RGC loss after retinal 

ischaemia will form the basis of this thesis and will be further discussed in subsequent 

chapters.  
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1.2.   Connexins and gap junction channels 

1.2.1.   The connexin family  

Cx are transmembrane proteins which play important roles as subunits of gap junction 

channels allowing rapid transport of ions or secondary messenger molecules and small 

metabolites (up to 1 kDa) between connected cells within many different tissues (Kelsell et 

al., 2001). All connexins have a similar structure with four transmembrane domains, two 

extracellular loops, one intracellular amino- and one carboxy-terminal moiety located in 

the cytoplasm (Figure 1-3). Six connexin protein subunits form a hexameric hemichannel, 

called a connexon, which forms in the endoplasmic reticulum and is then transported into 

the lipid bilayer of the cell membrane. Connexons may be homomeric or heteromeric and 

can assemble into either homotypic or heterotypic integral channels which may reflect 

different permeabilities to ions and small molecules. The two docked hemichannels that 

compose a junctional channel are staggered by roughly 30 degrees relative to each other so 

that the α-helices of each connexin monomer are axially aligned with the α-helices of the 

two adjacent monomers in opposing hemichannels (Hervé et al., 2007).  

There are three types of connexins: alpha (α), beta (β) and gamma (γ) gap junction (GJ) 

proteins, named GJA, GJB and GJC followed by a number which is respective of the 

protein‟s molecular mass in Kilo Dalton (kDa). In mammals, group I (β) connexins include 

Cx26, Cx30, Cx30.3, Cx31, Cx31.1 and Cx32 and group II (α) connexins include Cx33, 

Cx37, Cx40, Cx43, Cx45, Cx46 and Cx50. Additionally, a new connexin type, Cx36 has 

been recognized in the mammalian brain and was classified as a new group of connexins 

termed group III (γ) (Urban et al., 1999). To date, 20 connexin genes have been identified 

in the mouse and 21 in the human genome (Söhl & Willecke, 2003). Each of the 

approximately 20 connexin isoforms produces channels with distinct permeability and 

electrical and chemical sensitivities. Therefore, one connexin usually cannot fully 

substitute for another. Additionally, these channels may also be regulated in a different 

way by cyclic nucleotide concentrations, changes in pH and phosphorylation (Salomon et 

al., 1994).  
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Figure 1-3.  Structure of connexins, connexons and gap-junctional plaques.  

The general function of gap junctions is the transport of inorganic ions and small 

molecules between adjoining cells, which is associated with proper growth, differentiation 

and function of cells. The absence of intercellular communication is often related to a 

transformed or cancerous phenotype (Goliger & Paul, 1994). A wide variety of malignant 

phenotypes associate with decreased connexin expression and gap junction communication, 

depending on the particular connexin affected. Targeted knockout of several connexin 

genes has been used to show various functions of gap junctions in different organs (White 

& Paul, 1999). Gap-junctional signals coordinate depolarization of cardiac muscles and 

assist embryonic development. They are also involved in brain development and 

inheritance of human diseases (Richard, 2000; White & Paul, 1999). During pre-

implantation development, several connexins (Cx31, Cx31.1, Cx43 and Cx45) contribute 

to gap junction channels (Davies et al., 1996). All of the above shows that intercellular 

communication through gap junctions plays an important role in the regulation of cell 

growth, migration, and differentiation. 
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Previous studies have shown that gap junction-mediated communication also plays an 

important role in the cellular response to stress or ischaemia. However, recent evidence 

suggests that connexins, and in particular Cx43, may have additional effects that may be 

important in cell death and survival by mechanisms independent of cell-to-cell 

communication (Rottlaender et al., 2010).  

1.2.2.   The role of connexin43 in tissue homeostasis 

Connexin43 (Cx43) is the most important and common gap junction protein isoform 

throughout the body, ranging from vascular and ependymal cells, to neural progenitor cells, 

and even gastrointestinal smooth muscle cells (Neijssen et al., 2007).  It can also be found 

within bones (Civitelli, 2008) and ocular cells (Danesh-Meyer & Green, 2008). The 

specific role of Cx43 is to contribute to local metabolic homeostasis and synchronization of 

cellular activities by allowing bi-directional, intercellular movement of ions, metabolites 

and second messengers. The permeability properties of a gap junction channel is related to 

its pore size which is important and designed for the ability to define, mediate, and 

dynamically modulate intercellular molecular signals (Weber et al., 2004). Of all the 

connexins, Cx43 has the widest pore, with a minimum diameter of 15 Å (Garc  a-Dorado et 

al., 2004). Furthermore, studies suggest that selectivity is also influenced by interaction 

between anions and cations within the pore (Wang & Veenstra, 1997). Cx43 is more 

selective for anions, with a selectivity anion-to-cation ratio of 1.17 (Veenstra et al., 

1995). When inside the trans-Golgi network, Cx43 moves along the microtubule-

dependent pathways to an area on the cell surface where other gap junctions exist. From 

synthesis to degradation, Cx43 has a half-life of only 1 to 3 hours before being digested 

(Laird, 2006).  

Cx43 has a large impact in the cardiac system, skeletal structure, skin, eye, central nervous 

system (CNS), as well as other regions of the body. It can be found in at least 35 distinct 

tissues encompassing over 35 cell types (Laird, 2006). The following sections will outline 

the particular effects of Cx43 within certain body parts with emphasis on the eye and the 

CNS.  
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1.2.2.1.   Heart 

Cx43 was first found in heart muscle cells where it is responsible for controlling the 

synchronous heart muscle contraction (Rodriguez-Sinovas et al., 2007). Cx43 is known to 

exist in mitochondria and is involved in cardio protection against ischaemia (Boengler et 

al., 2005) as well as regulation of apoptosis (Goubaeva et al., 2007). Heart failure models 

have also consistently shown a decrease in Cx43 expression, and studies indicated that 

remaining Cx43 was found primarily in the dephosphorylated form which is a non-

junctional state (Ai & Pogwizd, 2005; Hervé et al., 2007).  

1.2.2.2.   Skeleton 

Cx43 plays a critical role in skeletal structure due to the requirement for communication 

between cells that are changing to a specific need. Gap junctions are prevalent throughout 

the skeletal system, especially in osteoblasts and osteocytes (Civitelli, 2008). Osteoblasts 

are single nucleus cells that are responsible for bone formation; basically, osteoblasts are 

specialized fibroblasts. Osteocytes are calcified osteoblasts whose function is facilitated by 

sending signals for functional osteoblasts via long cytoplasmic extensions that occupy tiny 

canals called canaliculi, which are used for exchange of nutrients and waste through gap 

junctions (Noble, 2008). Cx43 is the most common connexin within the skeletal system. A 

growing number of studies suggests that Cx43 contributes to the bone cell‟s response to 

hormonal stimulation in human and mouse models (Ishihara et al., 2008; Jiang et al., 2007). 

Cx43 is also associated with the inhibition of osteocyte and osteoblast apoptosis. Plotkin et 

al. (2008) indicated that Cx43 was required for the anti-apoptotic effect of bisphosphonates 

on osteocytes and osteoblasts by using a mouse model in which Cx43 was deleted. 

1.2.2.3.   Skin 

In the skin Cx43 has been identified within the basal, spinous, and granular layers of the 

epidermis (Goliger & Paul, 1994) and dermis. Cx43 is ubiquitous in dermal fibroblasts and 

blood vessels (Guo et al., 1992). Therefore, its major role is in wound healing and during 

development (Coutinho et al., 2003). Kretz et al. (2003) found that the healing of 
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epidermal wounds occurred earlier in mice with reduced levels of this connexin by 

analyzing the effect of Cx43 deficient mice. Cx43 knockdown also caused a reduction of 

swelling and inflammation (Qiu et al., 2003). Application of a Cx43 antisense 

oligonucleotide (AsODN) gel to incision wounds resulted in transient down-regulation of 

Cx43 protein levels and therefore improved healing, as well as a reduction in scar tissue 

formation (Qiu et al., 2003). Scarring was also reduced with less granulation tissue and 

more dermal appendages remaining than in controls of a burn wound model (Coutinho et 

al., 2005). In addition, cell migration rates of human epidermal keratinocytes and dermal 

fibroblasts has been increased by Cx43 mimetic peptide application (Wright et al., 2009).  

1.2.2.4.   Eye 

Beyer et al. (1989) were the first to describe Cx43, the most ubiquitously expressed 

connexin, in corneal fibroblasts and corneal epithelial cells. At least ten different connexins 

have been found within the mammalian eye (Danesh-Meyer & Green, 2008). When located 

within the lens, the primary function is communication between quiescent fiber cells and 

the epithelial layer and therefore maintenance of lens transparency (Lin et al., 2003). In 

addition, during development, as well as adulthood, Cx43 plays a significant role in tissue 

regulation, and nutrient and waste transport in the whole eye (Danesh-Meyer & Green, 

2008).  

Recent studies suggest that Cx43 plays a key role in corneal wound healing and 

remodelling after injury, with Cx43 protein levels increased after corneal damage (Laux-

Fenton, 2003). Rupenthal et al. (2011a) indicated that there was a reduction in remaining 

wound size, inflammatory response and Cx43 protein levels when corneal wounds were 

treated with Cx43 AsODN. In addition, treated corneas showed reduced oedema in the 

central wound site and at the periphery with lower Cx43 levels, reduced myofibroblast 

activation, and improved epithelial basal lamina deposition in antisense-treated wounds 

(Grupcheva et al., 2012). 
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In the ciliary body, Cx43 is a major functional component of bovine gap junctions between 

pigmented and non-pigmented epithelial cells (Wang et al., 2010). Furthermore, Cx43 

expression has been related to aqueous production (Calera et al., 2009).  

In the human retina, there are three basic types of glial cells including Müller cells, 

astroglia and microglia. Another cell type called astrocytes is not a glial cell of the retinal 

neuroepithelium but enters the developing retina from the brain along the developing optic 

nerve (Stone et al., 1996). Cx43 is also the predominant gap junction protein in these cells 

and plays an important role in many aspects of CNS development and physiology.  

Cx43 has been demonstrated to have a role in the maintenance of homeostasis in the retina. 

It has also been reported that the retinal pigment epithelium (RPE) regulates proliferation 

during development in the underlying neural retina by ATP efflux through Cx43 

hemichannels (Pearson et al., 2005a; Pearson et al., 2005b). Furthermore, Cx43 has been 

implicated in the pathogenesis of neuronal death after CNS injury and is expressed in 

astrocytes, the vascular endothelium, glia and epithelial cells in the human retina and optic 

nerve (Kerr et al., 2010). Cx43 co-localizes primarily with activated retinal astrocytes and 

Müller cells as well as vascular endothelium, suggesting that gap junction communication 

and/or hemichannel activity may be a mediator of inflammation, vascular permeability, and 

subsequently neuronal death (Kerr et al., 2012). Cx43 is up-regulated following CNS 

injury and is recognized as playing an important role in modulating the extent of damage. 

Both the superior and inferior up-regulation of retinal Cx43 protein occurred after partial 

optic nerve injury and had an association with loss of RGC and a retinal astrocytic 

inflammatory response (Chew et al., 2011).  

After ischaemia intercellular transfer of ions and metabolites from dying astrocytes to 

healthy ones occurs via Cx43 gap junctions (Cotrina et al., 1998). Dying cells in the retina 

generate a gap junction-permeant apoptotic signal that mediates bystander killing (Cusato 

et al., 2003). Kerr et al. (2012) evaluated the relationship between Cx43 expression to 

retinal glial response and subsequent RGC loss after retinal ischaemia reperfusion injury. 

Results showed that Cx43 immunoreactivity was significantly increased in the ganglion 

cell and nerve fibre layers and was subsequently accompanied by a significant RGC loss. 
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Endothelial cell death following hypoxia can be mediated directly by opening of Cx43 

hemichannels in endothelial cells. Blocking Cx43 mediated vascular leakage using a Cx43 

MP led to increased RGC survival to levels of uninjured retinas (Danesh-Meyer et al., 

2012). Additionally, it was shown in an ex vivo model that a Cx43 AsODN blocked the up-

regulation of Cx43, which in turn reduced cell death, optic nerve oedema, activation of 

astrocytes and microglia, and preserved vascular integrity (Danesh-Meyer et al., 2008). 

Moreover, Cx43 AsODN treatment resulted in reduced myofibroblast up-regulation and 

scarring, suggesting postoperative use of Cx43 AsODN to inhibit subconjunctival scarring 

and fibrosis (Deva et al., 2012). 

1.2.2.5.  Central Nervous System 

Cx43 is also the major gap junction protein within the CNS, with its function well 

established in neurogenesis, cell migration, neuronal development, differentiation and 

morphogenesis (Fushiki et al., 2003). The functional syncytium formed by astrocytes via 

Cx43 gap junctional intercellular communication has been implicated in maintaining the 

homeostasis of the extracellular milieu of neurons. Moreover, a primary role of Cx43 is 

forming and maintaining the blood-brain barrier (BBB) and blood-retina barrier (BRB) 

(Danesh-Meyer & Green, 2008). Gap junction intercellular communication plays a critical 

role in determining the susceptibility of the brain to hypoxia or ischaemic injury. After 

traumatic CNS injury, a cascade of secondary events expands the initial lesion, which is 

associated with transient Cx43 up-regulation. In an in vitro model of ischaemia, 

neuroprotection was observed upon inhibition of gap junction function by gap junction 

blockers carbenoxolone and octanol  or in organotypic slices from Cx43 knockout mice in 

a traumatic brain injury model (Frantseva et al., 2002a). Cronin et al. (2008) demonstrated 

that Cx43 AsODN treatment can reduce glial cell activation, neutrophil recruitment and 

functional consequences of spinal cord injury. Similar results were also observed in studies 

performed by O‟Carroll et al. (2008) which showed that Cx43 MP significantly reduced 

the degree of swelling after spinal cord injury by reducing Cx43 expression. Several in vivo 

studies have also confirmed the role of gap junctions in contributing to cell death after 

hypoxia and ischaemia and demonstrated that administration of carbenoxolone to 

ischaemic pups after intrauterine ischaemia decreases neuronal damage (Rami et al., 2001; 
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Rawanduzy et al., 1997). Roscoe et al. (2007) showed down-regulation of Cx43 in a 

chronic demyelinating model of experimental allergic encephalomyelitis and demonstrated 

that Cx43 expression is increased in remyelinating/recovering spinal cord tissue.  

The majority of the cell types in the CNS have the potential to have hemichannel activity; 

however, their role has just begun to be uncovered. Cx43 hemichannels in astrocytes may 

mediate the release of gliotransmitters such as glutamate and ATP. Several reports 

demonstrate that Cx43 expression and remove of extracellular Ca
2+

 potentiate ATP release 

from brain endothelial cells which can be inhibited by hemichannel/gap junction blockers 

(Braet et al., 2003; Rami et al., 2001). They also indicate that signalling molecules released 

from one cell type may affect the hemichannel on another nearby cell type.  

In conclusion, pharmacological targeting of Cx43 using Cx43 MP or Cx43 AsODN by 

transiently blocking Cx43 hemichannels following retinal cell death provides new 

opportunities for the treatment of optic nerve and retinal damage and initial studies have 

shown promising results. However, the challenge remains to efficiently deliver such 

molecules to the ocular tissues and preserve their stability due to their high molecular 

weight (for AsODN), high hydrophilic character and low resistance to enzymatic 

degradation. 
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1.3.   Ocular drug delivery 

The eye is a special organ which limits the diffusion of locally applied drugs into the 

circulatory system and thus prevents undesirable systemic side effects. Therefore, localized 

application such as gene and peptide therapy is desirable. However, successful delivery of 

drugs into the eye is extremely complicated as the eye is protected by a series of complex 

defence mechanisms which makes it difficult to achieve an effective drug concentration at 

the target site.  

1.3.1.   Barriers of the eye 

Drugs may enter the ocular tissues via the anterior or posterior route. Anatomically, 

ophthalmic delivery aims at two parts: the anterior or the posterior segment of the eye. The 

anterior segment consists of the cornea, conjunctiva, iris-ciliary body, and lens, while the 

posterior segment contains the choroid, retina, vitreous, and optic nerve. The principal 

membrane barriers of the eye include the cornea, conjunctiva, iris-ciliary body, lens 

epithelium and retina (Figure 1-4). The blood-ocular barriers, which include the iris blood 

vessel, ciliary body, retinal blood vessel and retinal-pigmented epithelia, influence the 

overall amount of drug entering the anterior and posterior compartments of the eye after 

systemic administration. As these barriers restrict the transport of therapeutic agents, the 

ocular bioavailability of drugs following topical or systemic administration is generally 

very low. Moreover, they play a role in the drug clearance following periocular or 

intraocular administration. In the posterior segment, there are further anatomical barriers 

and mechanisms such as the vitreous-retinal barrier, aqueous humor turnover, intraocular 

metabolic activity, binding to intraocular pigmented tissues, and phagocytosis, imposing 

even more challenges when targeting drugs to the back of the eye. The most important 

ocular barriers will be further discussed below.  
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Figure 1-4.  Various  barriers of the eye.  

 

1.3.1.1.   Cornea 

The topical route is important in the treatment of anterior segment diseases such as corneal 

epitheliopathy, inflammation, infection, glaucoma and iritis. The human cornea consists of 

five distinct layers: epithelium, Bowman‟s membrane, stroma,  Descemet‟s membrane and 

endothelium, with the total thickness ranging from 520 μm centrally to about 650 μm 

peripherally (Krauss et al., 1986). Recently, Harminder Dua (Dua et al., 2013) suggested 

that there is a sixth layer called Dua‟s layer located between the corneal and 

stroma and Descemet's membrane. The corneal pathway is the major route of anterior drug 

absorption, with the corneal epithelium, a lipophilic cellular tissue with intercellular tight 

junctions, playing the main rate-limiting barrier in corneal delivery and being relatively 

http://en.wikipedia.org/wiki/Descemet%27s_membrane
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impermeable to water-soluble compounds such as amino acids (Thoft & Friend, 1972). 

Prausnitz and Noonan (1998) reported that a hydrophilic compound like atenolol showed a 

permeability of only 1x10
-6 

cm/s while lipophilic betaxolol, which has approximately the 

same size, exhibited 30-50 times higher corneal permeability. Nevertheless, each corneal 

layer possesses a different polarity and thus a rate-limiting structure for drug permeation. A 

lipophilic compound that is able to cross the epithelium may stay in the hydrophilic stroma 

which is composed of an extracellular matrix of a lamellar arrangement of collagen fibrils. 

The endothelial layer, although lipophilic, is rather leaky and facilitates the transport of 

macromolecules between the aqueous humor and stroma (Fischbarg et al., 2006). 

1.3.1.2.   Conjunctiva 

The conjunctiva is a thin layer of transparent tissue that covers the white part of the eye. It  

can be divided into three layers: (1) outer epithelium, a relatively permeable barrier, (2) 

substantia propria, containing nerves, lymphatics, and blood vessels, and (3) submucosa, 

which provides a loose attachment to the underlying sclera (Sunkara & Kompella, 2003). 

In humans, the conjunctiva occupies a surface area of 18 cm
2
, 17 times larger than the 

cornea (Watsky et al., 1988). It contains rich vasculature, many goblet cells and the ability 

to trans differentiate. Cells in this membrane produce mucous which helps to lubricate the 

eye. Besides the cornea the conjunctiva is the eye‟s primary layer for protection against 

infection. In general, the conjunctiva is more permeable to drugs than the cornea with the 

permeability of polar hydrophilic compounds being 10 to 100 times higher than the corneal 

permeability (Ahmed et al., 1987; Hamalainen et al., 1997). The estimated paracellular 

pore size is large enough to allow permeation of hydrophilic compounds such as small 

peptides and oligonucleotides up to 40,000 Da (Hamalainen et al., 1997; Prausnitz & 

Noonan, 1998). However, drugs in the conjunctiva or episcleral space may be cleared 

through blood and lymph due to its rich supply of capillaries and lymphatics (Singh et al., 

2003). Recent studies in rat eyes have reported that at least 10% of small hydrophilic 

molecules are eliminated via lymphatics within the first hour (Lee et al., 2010). 
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1.3.1.3.   Lens 

The major components of the lens are capsule, epithelium, and lens fibre cells with 65% of 

its weight consisting of water. The lens capsule is acellular, transparent, elastic, and acts as 

an unusually thick basement membrane that encloses the epithelium and lens fibre cells. It 

is mainly composed of type IV collagen together with 10% glycosaminoglycans (Sunkara 

& Kompella, 2003). There are a few gap junctions between the lens epithelial cells and the 

underlying lens fibres, which allow cell-to-cell communication (Brown et al., 1990). The 

cells of the lens epithelium are anatomically and physiologically polarized, thereby 

bringing net transport of many essential nutrients. While the lens epithelial cells are 

selectively permeable to K
+
, lens fibre cells have a low and non-selective overall 

conductance (Robinson & Patterson, 1982). In vitro lens uptake studies with labelled 

amino acids indicated that the lens undergoes saturation kinetics with energy and 

temperature dependent active transport due to a higher concentration of amino acids in the 

lens compared to the surrounding aqueous and vitreous humor (Zlokovic et al., 1992).  

1.3.1.4.   Iris-ciliary body 

The iris receives its blood supply from the major arterial circle, which lies in the stroma of 

the ciliary body near the iris root. The ciliary body can be divided into four regions: non-

pigmented ciliary epithelium, pigmented ciliary epithelium, stroma and ciliary muscle. The 

ciliary body epithelium is made up of an outer pigmented epithelium and an inner non-

pigmented epithelium. Gap junctions are ubiquitous in the ciliary body epithelium, 

connecting cells within different layers (Freddo, 1987). The gap junctions between outer 

pigmented epithelium and inner non-pigmented epithelium cells are permeable to 

molecules as large as 900-1000 Da (Spray & Bennett, 1985). However, iris vessels in 

humans, monkeys, rabbits and rats were impermeable to free and protein–bound sodium 

fluorescein, while obvious permeability was observed in cats (Sherman et al., 1978). 
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1.3.1.5.   Retina 

The retina is a complex, layered structure including the inner limiting membrane (ILM), 

nerve fibre layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner 

nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external 

limiting membrane (ELM), retinal pigment epithelium (RPE) and Bruch‟s membrane 

(Figure 1-5). It also contains several layers of neurons where most of the problems 

associated with vision loss occur such as retinitis pigmentosa, macular degeneration, 

diabetic retinopathy and glaucoma. Retinal drug delivery is a challenge by both the 

posterior and the anterior route. The blood–retinal barrier (BRB) confines drugs to cross 

the retina via the systemic and transscleral routes. On the other hand, drugs applied via the 

corneal route have to pass the entire anterior segment. Even after intravitreal injection, the 

vitreo-retinal-juncture layer severs as a major barrier for drugs reaching the retina, 

although nanometre-sized particles (<200 nm) are able to penetrate across the sensory 

retina into the RPE after intravitreal injection in rabbits (Sakurai et al., 2001). Extensive 

knowledge of the posterior part of the eye, especially the BRB and the cells forming this 

barrier, is necessary to design efficient delivery systems for protein and peptide drugs. 

Blood-retinal barrier  

The BRB consists of the RPE and the retinal vessel walls (Mannermaa et al., 2006). It 

plays a critical role in the homeostasis of the neural retina by limiting the entry of 

xenobiotics into the extravascular spaces and by preventing the loss of essential solutes 

(Sunkara & Kompella, 2003). However, it also limits the passage of most drugs to the 

retina after systemic administration. The RPE is a monolayer of highly specialized cubic 

cells between the retina and the choroid. The black pigment of the RPE known as melanin 

absorbs scattered and reflected light. The RPE eliminates waste products produced by the 

photoreceptor cells; however, as we age, the RPE may lose this ability. Deposits of waste 

called drusen can alter and damage the retina leading to dry macular degeneration 

(Chopdar et al., 2003).  

The tight junctions of the RPE restrict efficiently the intercellular permeation of molecules. 

In monkeys and cows, the permeation of drugs (MW 44 kDa and 80 kDa, respectively) 
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stopped at the tight junctions of the RPE (Pitkanen et al., 2005; Toris & Pederson, 1984). 

In addition, binding of drugs to tissue proteins or melanin pigment, active transport 

processes and drug metabolism may affect the permeability of drugs through the RPE.  

Inner limiting membrane  

The micro-anatomy of the region between the retina and the vitreous has been a source of 

discussion and interest for more than a century. The ILM histologically defines the border 

between the retina and the vitreous and presents both a physical and a chemical barrier. 

Retzius (1871) published the first finding on the ILM and described that it was not a real 

membrane but was formed by termination of the radial fibres of Müller cells. Tornatola 

(1904) subsequently described that connections between the vitreous and the retina existed 

and these could be demonstrated by special glial stains (Pedler, 1961). Polyak (1941) and 

Van der Stricht (1922) both strongly concluded that the ILM was formed as direct 

expanded end feet of Müller cells from observations made on a variety of species. 

However, contrary views were expressed by Wolff (1937) who showed that the ILM 

stained like collagenous tissue with the Mallory triple stain and could be distinguished 

from the Müller fibres. Pedler (1961) placed emphasis on the fact that the ILM was a 

specific extracellular reticulin-containing structure, which was separate from the radial 

fibres and was not formed by lateral extension of the vitrad ends, although these were 

firmly attached to it. 

A review of the literature revealed different opinions on the nature of the ILM. On one 

hand the ILM is regarded as a layer formed by radial fibres (Polyak, 1941; Retzius, 1871; 

Van der Stricht, 1922), and on the other hand it is considered an entirely separate structure, 

composed either of collagenous features or specific extracellular material (Pedler, 1961; 

Wolff, 1937). These differences result from definitions of structure and the various tissue 

preparation and staining techniques used. In addition, limited resolution of light 

microscopy has made it difficult to define the structures precisely. However, these 

apparently opposing views are all broadly correct, since both the retina and the vitreous 

contribute to the structure of the ILM.  
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Figure 1-5.  Schematic diagram of cellular organisation (A) and H&E stained tissue layers (B) in 

bovine retina. Inner limiting membrane (ILM), nerve fibre layer (NFL), ganglion cell layer (GCL), 

inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear 

layer (ONL), external limiting membrane (ELM) and retinal pigment epithelium (RPE).      

The first electron microscopy studies of the ILM, applying ruthenium red staining, showed 

that the extensions of Müller fibres created the inner surface of the cellular portion of the 

retina and that these end feet were covered by a homogeneous extracellular matrix which 

was coated by polysaccharides (Matsusaka, 1971). Moreover, Heegaard et al. (1986) 

developed an optimised frozen resin cracking technique applied to monkey retina and 

defined the ILM as the composition of the structural elements situated between the plasma 

membrane of the Müller cells and the vitreous body. 
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The composition of the ILM 

This transparent and acellular layer is thought to function as filter that acts as a negatively 

charged lipoidal membrane and helps to sequester the vitreous body from the general 

circulation (Bleeker et al., 1968). The ILM is very uneven and the thickness varies greatly 

depending on the regions and the species. In monkey ILM, the equatorial and disc regions 

are about 70 nm thick with an outer dense, basement membrane-like part and an inner, 

loose fibrillar meshwork consisting mainly of collagen fibres surrounded predominantly by 

hyaluronic acid and fused with the vitreous fibres. The foveal region is about 400 nm thick. 

The dense outer layer is hereby thicker than normal basement membranes, whereas the 

inner loose meshwork has only a few fibrils (Heegaard et al., 1986). 

Rhodes (1982) used ultrastructural staining with cationic dyes and concluded that the ILM 

was composed of five elements: the inner retinal basement membrane, a labile layer of 

hyaluronic acid, a finely filamentous oligosaccharide network, collagen fibrils, and ovoid 

laminated bodies. In addition, the constituents of the ILM include pro-collagen-like 

peptides, collagen IV, oligosaccharide chains closely associated with collagen, and non-

collagen glycoproteins (Chai & Morris, 1994; Hoerauf et al., 2006; Kefalides et al., 1979). 

A layer of complex carbohydrates along the ILM may be the reason for much of the retinal 

flow resistance and this layer may also offer significant protection against retinal 

detachment (Matsumoto et al., 1984).  

Recent studies using western blot analysis showed that the ILM is comprised of distinct 

extracellular matrix proteins also found in other base membranes, namely laminin-1, 

nidogen-1, three base membranes proteoglycans, agrin, collagen XVIII and perlecan and 

collagen IV (Candiello et al., 2007). 

The permeability of the ILM 

The permeability of the ILM is an important parameter for efficient drug delivery after 

intravitreal injection and is species dependent. It is similar to that of the basal laminas, 

which retain particulate matter but allow the transport of molecules up to the size of 150 

kDa. The ILM prevents diffusion of substances larger than about 10-15 nm in molecular 
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radius (Mordenti et al., 1999). Molecules larger than 148 kDa could not diffuse into the 

retina from the vitreous in rabbits and macaques (Kamei et al., 1999; Mordenti et al., 1999). 

1.3.2.   Delivery routes to the posterior eye 

Delivering drugs to the posterior segment of the eye is a particular challenge because of the 

presence of various physiological and anatomical barriers as outlined in the previous 

section. The narrow effective drug concentration makes the task even more difficult as 

excess drug can result in serious side effects to both targeted and non-targeted tissues. 

There are four main routes commonly used for administering drugs to the posterior eye: 1) 

systemic delivery 2) topical administration 3) periocular application and 4) intravitreal 

injection. Figure 1-6 illustrates the drug delivery pathways for each of the above routes. 

The characteristics and the challenges of each of these will be discussed in the following 

sections.  
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Figure 1-6.  Schematic diagram of the different drug delivery routes. Modified from (Rhcastilhos, 

2007)  
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1.3.2.1.   Systemic route 

Systemic administration of drugs is when the drug is supplied directly to the blood stream. 

This can be achieved by oral administration or parenteral injection. Hence the drug reaches 

the target tissue by diffusing out of the blood flow and into the tissues along its circulation 

path. Drugs are usually administered systemically for the treatment of eye diseases 

involving the optic nerve, retina, uveal tract and in ocular malignancies. Photosensitization 

therapy, cytotoxic agents, steroids and antibiotics are examples of drugs that are used 

systemically to treat ocular diseases (Del Amo et al., 2008). Most drugs are unable to reach 

the posterior chamber in therapeutically active concentrations because they are either not 

sufficiently lipid soluble or bind to plasma proteins and hence cannot pass through the 

blood vessel wall. 

The intraocular penetration of drugs following intravenous or oral administration is mainly 

hampered by the presence of tight junctional complexes in the RPE and the retinal 

capillaries forming the BRB (Cunha-Vaz, 2004; Mannermaa et al., 2006). The BRB offers 

a very high resistance to transport of most pharmacologically active drugs and hence, 

penetration through the posterior chamber yields very poor concentrations in the posterior 

eye. Therefore, it becomes necessary to administer extremely large doses of antibiotics, 

antivirals or steroids by intravenous administration which may lead to undesirable side 

effects.  

1.3.2.2.   Topical route 

Over 90% of ocular medicines on the market are administered topically to the eye as 

simple aqueous solutions. Although recent advances have been made in ocular drug 

delivery systems, eye drops are still the most commonly used formulation as they are the 

least expensive preparations, easy to use, and do not interfere with the vision. However, 

frequent administration is necessary as topical delivery is compromised due to various 

barriers and elimination routes associated with the anterior eye. Drugs applied to the ocular 

surface hardly reach the internal ocular tissues and therefore, the bioavailability of 

topically applied ocular drugs is poor. This is mainly due to the following two reasons: the 
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short residence time of the formulation on the ocular surface due to nasolacrimal drainage 

and the permeability barriers formed by the ocular epithelia (Kompella et al., 2010). 

Topically applied ophthalmic drugs reach the aqueous humor by crossing the cornea, 

conjunctiva or sclera. Initially, 10 to 20% of the topical dose immediately escapes by 

blinking and tearing. Afterwards the drug faces corneal diffusion resistance, tear fluid 

proteins, enzymatic binding and metabolism, phagocytic activity and partial diversion to 

adjacent tissues. Therefore, only 1% or less of the administered dose can penetrate the 

ocular surface and reach the target tissue in the anterior segment of the eye (Burstein & 

Anderson, 1985).  

The transcorneally permeated drug then has to diffuse against the flow of the aqueous 

humor to reach the tissues in the posterior chamber. Lens epithelium, densely packed lens 

fibres and the nucleus form a barrier between the posterior chamber and vitreous, although 

the lens capsule is relatively permeable to small molecules and proteins with a molecules 

weight of up to 70 kDa and the epithelium does not greatly restrict the movement of the 

molecules to the fibre mass (Robertson et al., 2005). Furthermore, to reach the retina, the 

drug also needs to diffuse across the vitreous. Thus, transcorneal drug delivery to the 

posterior part of the eye is nearly impossible especially with high molecular weight drugs. 

1.3.2.3.   Periocular route 

Periocular injection has been suggested to be a more viable route for posterior segment 

drug delivery and can be divided into retrobulbar, peribulbar, subtenon, subconjunctival 

and juxtrascleral routes (Raghava et al., 2004; Thrimawithana et al., 2011). It places the 

drug more proximal to the target tissues, thereby overcoming some of the ocular barriers 

(Ambati et al., 2000). The drug is injected through the conjunctiva and the sclera, which 

have a higher permeability than the cornea (Hamalainen et al., 1997). In fact, transscleral 

absorption of macromolecules such as a 70 kDa dextran and a monoclonal antibody for 

inter-cellular adhesion molecule 1 (ICAM-1) has been demonstrated using subconjunctival 

injection or infusion (Kim et al., 2002). However, the charge of drug molecules also has an 

effect on its permeability across the sclera. Compounds with positive charges showed poor 

permeability due to their binding to the negatively charged proteoglycan matrix of the 
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sclera (Dunlevy & Rada, 2004). The permeability of the sclera to negatively charged 

AsODN has been studied using iontophoresis as a way to facilitate the molecules to cross 

the various ocular barriers and found a more significant accumulation within the 

retina/choroid complex observed 6 h after application (Voigt et al., 2002).  

Although permeability may be increased, the conjunctival blood flow may flush away part 

of the drug dose before it enters the retina with the choroidal blood flow also being a 

considerable factor. In addition, RPE and retinal vessels are still major barriers and are 

therefore the rate-limiting factor in retinal delivery of hydrophilic drugs via the transscleral 

route (Pitkanen et al., 2005). They efficiently restrict the permeation from the uveal tract or 

systemic blood flow to the retina and the intraocular space. Using magnetic resonance 

imaging (MRI) Li et al. (2004) investigated the permeability and clearance of model ionic 

permeants after subconjunctival injection and showed that relatively high scleral 

permeability was observed in vitro, but subconjunctival injections in vivo did not provide 

significant penetration of Mn
2+

 and MnEDTA
2-

 into the globe.  This difference suggests 

blood vasculature clearance as a main barrier for passive transscleral transport. Another 

permeability experiment evaluated a surrogate gadolinium-DTPA episcleral implant placed 

at the equator and found only 0.12% of the total amount of compound released from the 

implant, while no gadolinium-DTPA was detected in the posterior segment of the eye (Kim 

et al., 2004). Both studies demonstrated that there was no significant in vivo penetration to 

the vitreous and no compound was identified in the retina. As the pars plana has been 

suggested the most permeable pathway for passive transscleral transport of polar permeants 

(Li et al., 2004), it may be an ideal delivery route if the target site is located within 

posterior regions between RPE and sclera (Ambati et al., 2000; Kim et al., 2002). 

Although the permeability of the sclera is better than the cornea, the rich vascularity of 

conjunctiva and sclera may wash drugs away and cause degradation and systemic side 

effects which limit transscleral delivery.  

1.3.2.4.   Intravitreal route 

Most diseases affecting the posterior segment are chronic in nature and require prolonged 

drug administration. Intravitreal delivery, either in the form of an injections or implants is 
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the most direct method to overcome most of the barriers and elimination mechanisms 

associated with the anterior part of the eye and to avoid the concomitant side effects seen 

with systemic administration. Intravitreal injection provides therapeutic concentrations of 

the drug at the targeted site similar to injected concentrations and only a small dose of drug 

is required. Generally an intravitreal injection is restricted to a volume of up to 100 μl to 

avoid a short-term increase in IOP (Kotliar et al., 2007), which could result in further 

damage. Nevertheless, possible retinal toxicity of the injected dose must be taken into 

account.  

Intravitreal injection remains the main and currently preferred mode for delivering drugs to 

the vitreous humor and retina. However, this method of administration is invasive and 

frequent interventions have been associated with serious side effects such as 

endophthalmitis, cataract, haemorrhage, retinal detachment and vision interference by 

particulate systems (Geroski & Edelhauser, 2000). In addition, multiple injections are 

usually required at specific time intervals to maintain therapeutic drug concentrations, 

further increasing the risk of side effects and surgical complications. Patient compliance is 

also low if the procedures are repeated. In spite of these short comings, intravitreal 

injection continues to be the best choice of treatment route for intraocular therapy.  

With respect to the drugs that reach the intravitreal space or are delivered intravitreally, 

drug diffusivity in the vitreous and retinal permeability are the key factors that affect 

elimination from the vitreous especially via the BRB (Friedrich et al., 1997). The kinetic 

behaviour of drugs delivered via the intravitreal route in a stagnant, non-stirred nature of 

the normal vitreous is complicated. Mechanisms that may influence movement of 

molecules within the vitreous include diffusion, hydrostatic pressure, osmotic pressure, 

convective flow, and active transport (Sebag, 1989). For small to moderately sized 

molecules, diffusion is the predominant mode of transvitreal movement and is generally 

fluent. The diffusion coefficient through the vitreous humor is close to that observed in 

water or saline (Wilson et al., 2000), although low-level convective flow has also been 

observed within the vitreous (Fatt, 1975). However, this flow is almost negligible in 

comparison to diffusion. 
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The path of elimination mainly depends on the molecule‟s physiochemical properties and 

some pathophysiological conditions. Simple retinal inflammation or rhegmatogenous 

retinal detachment may result in the retina losing its integrity because of the breakdown of 

the BRB. Retinal tears are also known to increase the aqueous humor permeation rate 

through the vitreous by almost a factor of ten (Park et al., 2005). The increase in the 

vitreous outflow rate results in faster elimination of the drug through the retina. As for the 

drug‟s physiochemical properties, lipophilic compounds like dexamethasone (Graham & 

Peyman, 1974) and fluorescein (Araie & Maurice, 1991) tend to exit mainly via the retina, 

while hydrophilic substances and compounds with poor retinal permeability diffuse out 

through the hyaloid membrane. Vitreous liquefaction which occurs in aging eyes may also 

change the vitreal permeability conditions, while the site of injection can also affect the 

drug distribution in the vitreous (Araie & Maurice, 1991; Friedrich et al., 1997).  

1.3.3.   Approaches to improve ocular drug delivery 

The general goal of ophthalmic drug delivery is to maximize the drug concentration in the 

target tissues while minimizing the levels in the remainder of the body. Conventional drug 

delivery techniques like topical and systemic administration have not been effective in 

delivering sufficient drug concentrations to the posterior chamber. Intravitreal injection 

overcomes some of the limitations of conventional ocular systems by delivering the drug 

directly into the vitreous cavity of the eye and thus circumventing most of the barriers. 

However, repeated injections are required to maintain therapeutic levels within the eye as 

the drug gets eliminated through the retina and into the anterior eye. Increasing the 

residence time of the drug as well as permeability across the retinal barriers improves the 

drug‟s bioavailability and therefore reduces the frequency of administration. In this respect, 

the pharmaceutical basis of drug development and concepts in drug delivery design must 

create appropriate formulations by taking the properties of the target biological 

compartments or sites into consideration.  

The size is one determinant that influences the transport of molecules across ocular barriers. 

In general, smaller molecules have easier barrier access. However, for protein and peptide 

drugs, due to the attributes of low lipid solubility and large size, they do not easily 
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penetrate biological barriers. Despite the many advantages of the intravitreal route, low 

retinal permeability and easy digestion in the vitreous remain major limitations for 

effective delivery of protein and peptide drugs to the retinal tissues.  

Following are some general concepts for increasing the bioavailability of drugs: 

1. By enhancing absorption: 

 Co-administration of penetration enhancers/absorption promoters  

 Application of physical methods like iontophoresis or phonophoresis 

 Chemical modification of the drug molecule by addition of functional groups 

 Incorporation into carrier systems such as liposomes or nanoparticles 

2. By reducing drug metabolism: 

 Development of prodrugs 

 Co-administration of enzyme inhibitors 

 Use of drug carrier systems such as nanoparticles, microspheres or liposomes 

In order to increase bioavailability by increasing permeability or enzyme resistance, 

physical and chemical approaches have been used. Several methods, including physical 

driving forces such as electrical currents and ultrasound or chemical approaches such as 

carrier systems, penetration enhancers and prodrug derivatization have been used to 

increase the permeability of the drug molecule. 

1.3.3.1.   Physical approaches 

Physical methods are non-invasive techniques for ocular drug delivery, and therefore avoid 

the complications of surgical implantation or frequent intravitreal injection. They include 

iontophoresis (Berdugo et al., 2003) and phonophoresis (Sasaki et al., 1999) which have 

been examined extensively. Iontophoresis supplies a constant current with a low electric 

field (Banga et al., 1999) that drives charged molecules across the sclera and into the 
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choroid, retina, and vitreous. The drug serves as the conductor of the current through the 

tissue. After applied dexamethasone by transscleral iontophoresis in dogs, the drug 

accumulated in the choroid and retina (Banga et al., 1999). This indicates that 

transscleral iontophoresis might have the potential to achieve therapeutic intraocular drug 

concentrations, especially in the posterior segment, without the risk of systemic side effects 

(Komaromy et al., 2005). Theoretically, iontophoresis is limited to drugs of a small size, an 

ionic nature and with low molecular weight as well as slow diffusion. In many cases, 

existing drugs need to be reformulated to give an electric charge so that they can be utilised 

for this application method (Kompella et al., 2010). 

Phonophoresis uses ultrasound to enhance the delivery of topically applied drugs and has 

been used in an effort to enhance the absorption of analgesics and anti-inflammatory agents 

(Zderic et al., 2004). After application of 1s bursts of 20 kHz ultrasound, for enhancement 

of corneal permeability of glaucoma drugs of different lipophilicity, the permeability of the 

rabbit cornea increased 2.6 times for atenolol, 2.8 times for carteolol, 1.9  times for timolol 

and 4.4 times for betaxolol (Zderic et al., 2002). Furthermore, application of 880 kHz 

ultrasound for 5 min provided up to 10-fold enhancement in the delivery of the hydrophilic 

dye sodium fluorescein through the cornea while producing only minor changes in the 

corneal epithelium (Zderic et al., 2004). 

However, in any event, the problem of low bioavailability still exists, and permeation 

enhancers may have to be used to overcome this difficulty. Furthermore, prolongation of 

the biological half-life of peptides and enhancement of their stability are also necessary. 

1.3.3.2.   Chemical approaches  

Penetration enhancers  

Penetration enhancers act by transiently increasing the permeability characteristics of the 

target tissue. They bear a strict analogy to other techniques aimed at facilitating drug 

penetration through the membrane. Three major mechanisms of action are hereby possible: 

1) disorder of membrane integrity, 2) opening of the paracellular pathway, and 3) increase 



Chapter One - Introduction 

38 

 

in the thermodynamic activity of the permeating substance. An ideal penetration enhancer 

should therefore have the following desirable characteristics (Barry, 1983): 

1. There are no systemic or local side effects associated with the enhancer. 

2. After removal of the material from the applied surface, the tissue is capable of 

recovering its regular barrier property immediately. 

3. It should not damage or irritate the membrane surface.  

4. It should be physically and chemically compatible with a wide range of drugs and 

pharmaceutical excipients. 

5. The duration of effect should be particular and predictable and the action should be 

immediate and unidirectional. 

Numerous studies have shown that the permeation of hydrophilic macromolecules such as 

peptides can be improved by interaction of penetration enhancers with the phospholipid 

bilayer and the integrated proteins, thereby making the membrane more fluid or porous and 

thus more permeable to both lipophilic and hydrophilic compounds. Fatty acids 

(Muranushi et al., 1981; Sasaki et al., 1995), fatty acid–bile salt micelles (Morimoto et al., 

1987; Tengamnuay & Mitra, 1990) and non-ionic surfactants (Aggarwal et al., 2004) have 

all been shown to increase epithelial membrane permeability by influencing membrane 

proteins or lipids. 

Some penetration enhancers have been studied in ocular delivery of peptide-like drugs 

such as taurocholate (Yamamoto et al., 1989), EDTA (Saettone et al., 1996) and Azone 

(Chiou & Chuang, 1989). EDTA, a well-known calcium chelator has been reported to 

loosen the tight junctions between the superficial epithelial cells, thus facilitating 

paracellular transport (Hochman & Artursson, 1994; Saettone et al., 1996). Ca
2+

 plays an 

important role as cross-linking agent in the intercellular junctions such as tight junction 

which play a major barrier to the paracellular transport of macromolecules and hydrophilic 

compounds (Jovov et al., 1994). Thus, maintenance of tight junctions requires a suitable 

level of Ca
2+

 bound to or in the vicinity of the plasma membrane (Pitelka et al., 1983). The 

chelation of Ca
2+

 can therefore cause the disruption of these tight junctions, resulting in an 

increase of paracellular transport.  
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Azone was extensively studied as a percutaneous penetration enhancer (Chatterjee et al., 

1997; Michniak et al., 1998), while application in ocular delivery is still in its beginning. 

The exact mechanism of the penetration enhancing effect is unknown. However, it is 

assumed that Azone changes the structure and fluidity of the cell membrane. Loosening of 

tight junctions and subsequent water (corneal swelling was observed in the study) and drug 

influx might also be one of the possible mechanisms. Nevertheless, safety is still the major 

concern when using Azone as an ocular penetration enhancer. Durand-Cavagna et al. 

(1989) indicated that treating with benzalkonium chloride containing 1 or 2% Azone lead  

to ocular toxicity which damaged corneal endothelial cells of the rabbit. In addition, Azone, 

at concentrations of 0.1% or higher, has been reported to be irritating, discomforting and 

toxic to the eyes and might cause conjunctival hyperaemia and epithelial thinning (Ismail 

et al., 1992).  

None of the currently available penetration enhancers are able to satisfy the above 

requirements (Furrer et al., 2002) and none have yet been approved for ophthalmic 

delivery by the Food and Drug Administration (FDA), probably owing to safety concerns 

due to their nonspecific actions. 

Carrier systems 

A carrier delivery system is a vehicle with an entrapped or bound therapeutic agent that 

helps to reach exactly and effectively the desired site of action. The purpose of using 

carrier systems is : 1) to control the release of the active agent so that it is able to maintain 

a therapeutic concentration over a prolonged period of time, 2) to develop site-specific or 

disease specific targeting, and 3) to provide new or more convenient routes of 

administration for drugs capable of reaching locations in the body that are difficult to 

access (Diebold & Calonge, 2010). 

To prolong the retention time of topically applied drugs, interactions between the drug 

carriers (excipients) and the physiological properties of the cornea or subconjunctiva are 

being utilised. Formulations containing mucoadhesive or viscous materials which are able 

to increase the viscosity or allow for mucoadhesion can sustain and enhance drug delivery 

to the ocular tissues. The viscosity of an ophthalmic formulation can range up to 20–30 cps 
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without being irritant (Felt et al., 1999). Pericorneal retention studies revealed that 

drainage of eye drops can be reduced by two-fold in a rabbit models using ion-activated in 

situ gelling systems containing gellan gum, xanthan gum and carrageenan (Rupenthal et al., 

2011b). Betoptic S
®

 for glaucoma therapy contains positively charged betaxolol which is 

bound to a strong cationic ion exchange resin consisting of negatively charged sulfonic 

acid groups (Jani et al., 1994). When betaxolol-bound resin is applied to the eye, cationic 

ions such as Na
+
 or K

+
 in the tear fluid induce the release of betaxolol molecules from the 

resin matrix into the tear film and lead to betaxolol penetration across the cornea. 

It is currently possible to design micro- and nano-carriers with specific delivery 

requirements for ocular administration. Such carriers are able to safely deliver the loaded 

therapeutic molecule while preventing its damage or deactivation. Vesicles such as 

microparticles (Mps), nanoparticles (Nps) and liposomes have been successfully utilised as 

transporters for ophthalmic drugs resulting in improved ocular bioavailability. Poly-D-

lactic and glycolic acid (PLGA) colloidal Nps, for example, have been used to deliver 

gene-based therapeutics to RPE cells and showed non-toxic characteristics, and rapid 

internalization which enabled gene transfer and expression in both human and bovine RPE 

cells (Bejjani et al., 2005). Flurbiprofen-loaded PLGA Nps successfully reduced 

inflammation in an in vivo rabbit model of ocular inflammation and were more effective in 

reducing inflammation compared to commercial flurbiprofen formulations as evaluated by 

direct observation of clinical signs (Vega et al., 2006). Pilocarpine, a 

parasympathomimetic drug used for open-angle glaucoma treatment was loaded in 

chitosan/carbopol Nps. Pilocarpine induces a miotic response measured as a decrease in 

pupil diameter with the effect of the chitosan/carbopol Nps lasting up to 24 h, much longer 

than the liposomal gel and aqueous eye-drops formulations of pilocarpine (Kao et al., 

2006). Nps have shown great efficacy as drug delivery vehicles, increasing the drug 

amount crossing various biological barriers. 

The prospect of frequent intravitreal injections to treat serious intraocular disorders 

affecting the choroid and retina has moved researchers to look for better solutions derived 

from the use of Mps and Nps as drug vehicles. Promising studies have been reported in 

recent literature on the use of intravitreally injected particles. Ganciclovir is one of the 
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standard treatments for cytomegalovirus retinitis, a prevalent infectious retinal disease in 

immunosuppressed patients such as those with AIDS. Ganciclovir-loaded albumin Nps 

released ganciclovir in a sustained way in vitro (Merodio et al., 2001) and significantly 

improved drug uptake by cytomegalovirus infected human cells (Merodio et al., 2002). 

The same Nps were also loaded with anti-cytomegaloviral oligonucleotide analogue 

formivirsen which was present in the vitreous and ciliary body for at least two weeks after 

a single intravitreal injection in rats (Irache et al., 2005). Moreover, rhGDNF-loaded 

PLGA Mps showed a significant delay of rod photoreceptor degeneration after just one 

intravitreal injection (Andrieu-Soler et al., 2005). An increase in RGC survival was also 

observed following one GDNF/Vitamin E PLGA Mps application with effects lasting at 

least for eleven weeks (Checa-Casalengua et al., 2011). The use of injectable, 

biodegradable polymeric systems in the vitreous therefore enables efficient and sustained 

delivery of therapeutic agents for the treatment of retinal diseases. 

Recently, dendrimers have also been tested as potential carriers to improve intracellular 

penetration of oligonucleotides into retinal cells. Wimmer et al. (2002) designed lipid-

lysine dendrimers with poly-cationic surfaces in order to deliver oligonucleotides into 

retinal cells. These amphiphilic dendrimers contained a lipophilic tail of lipoamino acids 

and a polycationic head of poly-lysine. The lipoamino acids possess a high degree of 

membrane-like character, which facilitates their crossing of biological membranes. 

Moreover, they have the additional effect of protecting labile DNA from nuclease digestion. 

Results from this study showed that synthetic lipophilic charged dendrimers can be useful 

for gene delivery both in vitro and in vivo (Marano et al., 2005; Marano et al., 2004; 

Wimmer et al., 2002). 

Liposomes also appear to be a promising vehicle for delivering therapeutic genes in vivo to 

mammalian intraocular tissues due to efficient and stable transfer of the functional gene 

into the cornea, iris, ciliary body, and retina of rats (Masuda et al., 1996). Visudyne
®
 (QLT 

Ophthalmics, Inc., Menlo Park, CA, USA) is an intravenous liposomal formulation 

containing the photosensitizer verteporfin, which is used in photodynamic therapy for 

predominantly classic subfoveal choroidal neovascularization due to age-related macular 

degeneration (AMD), pathologic myopia or presumed ocular histoplasmosis (Visudyne® 
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vertepofin for injection, 2012). Liposomes enhance the delivery of hydrophobic verteporfin 

to malignant tissue due to composition of negatively charged phospholipids, such as 

phosphatidylglycerol. Uptake into tumour cells by low-density lipoprotein receptor-

mediated endocytosis has also been demonstrated with tumour cells expressing higher 

numbers of low-density lipoprotein receptors (Allison et al., 1994; Amin et al., 2002).  

To achieve therapeutic concentrations at the back of the eye, polymeric storage systems 

implanted or injected directly into the vitreous have also demonstrated promising results to 

obtain long-term, sustained release of drugs. Scleral implants, on the other hand, appear to 

confer limited success, mostly because of the surgical intervention associated with the 

presence of a foreign device within the eye. Implants are biodegradable or non-degradable 

solid dosage forms typically made of polymers that slowly release the drug over prolonged 

periods (Choonara et al., 2009). Degradable systems offer the advantage of physiological 

clearance of the polymer over time, but may have problems with the control of drug release 

from the degradable system due to changes in the properties of the system with polymer 

degradation. Drug release can be controlled more accurately using non-degradable 

implants; however, these systems stay permanently in the body unless surgically removed.  

Figure 1-7 gives an overview of some of the novel intravitreal drug delivery systems. 

Currently, Vitrasert
®

 (Bausch & Lomb, Inc., Rochester, NY, USA), Retisert
®
 (Bausch & 

Lomb, Inc., Rochester, NY, USA) and Ozurdex
®

 (Allergan, Inc., Irvine, CA, USA) are the 

three implants approved for intravitreal administration. Vitrasert was the first non-

biodegradable intravitreal implant made of ethylene-vinyl acetate copolymer (EVA) and 

polyvinyl alcohol (PVA) approved by the FDA in 1996 for the treatment of 

cytomegalovirus retinitis. Retisert is another non-biodegradable implant of fluocinolone 

acetonide approved in 2005 for the treatment of chronic non-infectious uveitis 

(Ramchandran et al., 2008). Both use the Durasert
TM

 technology (pSivida Corp., 

Watertown MA, USA) which uses a drug core with one or more surrounding polymer 

layers, and delivers drugs for predetermined periods of time ranging from months to years 

(Kuno & Fujii, 2011; Stevenson et al., 2012). Ozurdex
®
 is an intravitreal biodegradable 

implant containing 0.7 mg of dexamethasone composed of PLGA (NOVADUR solid 

polymer) and was approved by the FDA in 2009 for the treatment of macular oedema 
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following branch retinal vein occlusion or central retinal vein occlusion. It is applied into 

the vitreous cavity using an injector with a 22-gauge needle and delivers the drug over 6 

months (Haller et al., 2011). Recently, Ozurdex has also been approved by the FDA for 

posterior non-infectious uveitis (Taylor et al., 2010). 

  

Figure 1-7.  Examples of novel intravitreal drug delivery systems. Modified from (Kuno & Fujii, 

2011) 
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As an alternative to implantable systems that require surgery, injectable particulate systems 

have also been developed. IBI-20089 (Icon Bioscience, Inc., Sunnyvale, CA, USA) which 

uses Verisome™ technology is a translucent liquid, when mixed with saline; the solution 

becomes turbid and forms a gel once injected (Wong & Wood, 2006). IBI-20089 is 

designed to last up to one year with a single intravitreal injection for the delivery of 

triamcinolone acetonide and has completed Phase I/II clinical trials in patients with cystoid 

macular oedema associated with retinal vein occlusion (Lim et al., 2011) and is currently 

in a Phase II clinical study for neovascular AMD (Kompella et al., 2010).  

Chemical drug/molecule modifications 

Chemical modification is commonly employed to enhance drug transport across biological 

barriers. Prodrug derivatization can be used to enhance drug lipophilicity in order to 

overcome the permeability barrier. For example, dipivefrine, an ester prodrug of 

epinephrine, is 600-times more lipophilic and 17-fold more permeable across the cornea 

compared with epinephrine (Wei et al., 1978). In clinical studies, dipivefrine revealed a 

similar decrease in IOP at a 20-fold lower dose compared with epinephrine (Kass et al., 

1979). The prostaglandin analogues latanoprost, travoprost and bimatoprost are all 

prodrugs, with the former two being isopropyl esters and the latter being an ethanolamine 

amide prodrug (Netland et al., 2001; Rautio et al., 2008; Sharif et al., 2002). These 

prodrugs increase drug lipophilicity and, hence, are expected to enhance drug absorption. 

Increasing the lipophilicity of compounds, particularly peptides, by the addition of long 

aliphatic chains or lipid moieties has become a well-established method for improving drug 

bioavailability by increasing lipid solubility (Bergeon & Toth, 2007; Blanchfield & Toth, 

2004). Peptides which are chemically conjugated to lipidic units may be sufficiently 

lipophilic to pass across membranes. The long alkyl side chains may also have the 

additional effect of protecting the labile parent drug from enzymatic attack (Toth, 1994).  

Glycosylation is another method of drug modification. The polyhydroxylated nature of 

sugars provides an efficient and biocompatible way of changing the physicochemical 

properties, enzyme susceptibility and absorption of drugs. Therefore, a glucose-based 

moiety conjugated to a peptide can promote stability in a biological environment as well as 
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enhance membrane permeability (Bergeon et al., 2008; Wong & Toth, 2001). For example, 

an N-acetylglucosamine (GlcNAC) moiety has been shown to inhibit peptide degradation 

in human serum (Powell et al., 1993). In addition, sugar units provide the opportunity of 

utilising specific, active or facilitated transport pathways across some biological barriers. 

They may induce active transport via Na
+
-dependent D-glucose transporters which are 

abundant in the retinal ganglion cell membrane (Barar et al., 2008). Also, the recognition 

of some carbohydrate structures allows for the targeting of drugs to particular cell lines or 

organs. 

Although the application of conjugation of lipoamino acid and sugar moieties to peptides is 

a well-established method in oral delivery, it has not been employed for ocular peptide 

delivery. Thus chemically modified peptides may also improve the permeability and 

peptide stability in ocular tissues.   
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1.4.  Objectives of this study 

Optic neuropathies are neurodegenerative diseases of the optic nerve including glaucoma, 

ischaemia and age-related retinal degeneration which cause deterioration in vision and 

further irreversible blindness, while the vision loss mostly occurring slowly over years. 

The main pathway of glaucoma starts with the damage and death of RGC caused by 

increased IOP and ends with degeneration of the optic nerve. Cell death may occur via two 

connexin-related mechanisms: 1) the spread of death signals through gap junction channels 

from one cell to its healthy neighbour or 2) hemichannel opening, which can lead to efflux 

of ATP and influx of water and ions. Recent research has shown that systemic delivery of 

Cx43 MP hemichannel blockers after retinal ischaemia may enhance RGC survival. 

However, systemically delivered Cx43 MP is more difficult to target to the site of injury 

and may potentially have off target effects. The concentration of Cx43 MP needed for 

systemic delivery is also higher than might be required for local use. Moreover, ILM 

severs as a major barrier of intravitreal injection for drugs reaching the target site within 

the retina. Thus, challenge remains to successfully deliver such large highly hydrophilic 

molecules to the back of the eye and preserve their integrity.  

The aim of the present study is therefore to evaluate the efficacy of chemically modified 

peptides and Cx43 MP incorporated into PLGA micro- (Mps) and nanoparticles (Nps) to 

reduce RGC loss and vessel leak in a retinal ischaemia reperfusion rat model. 

The specific challenges associated with the delivery of peptides to the retinal tissues 

include: 

1. Inefficient passage of Cx43 MP across the ILM and into the retina 

2. Poor stability of Cx43 MP in the biological environment 

Therefore, the specific aims of this project included: 

1. To chemically modify and synthesise Cx43 MP and evaluate their stability and 

functionality in vitro (Chapter 2) 
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2. To synthesise and characterise PLGA Mps and Nps containing Cx43 MP and 

evaluate the entrapment efficiency and in vitro release profile (Chapter 3) 

3. To evaluate the efficacy of modified Cx43 MP and Cx43 MP loaded Mps and Nps 

to reduce vascular leak and RGC loss in the retina in vivo (Chapter 4)
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CHAPTER 2.                      

SYNTHESIS AND MODFICATION OF 

CX43 MIMETIC PEPTIDES  
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2.1.   Introduction 

Over the last two decades, peptides and proteins have become valuable drugs for the 

treatment of a wide range of pathologies and diseases, as they usually present significant 

selectivity and efficacy. Peptides are short biopolymers composed of amino acid residues 

linked by amide or so-called peptide bonds between the carboxylic acid group of one and 

the α-amino group of the other amino acid. They share the same peptide bonds with 

proteins, but are subunits of proteins and are commonly shorter in length. Peptides and 

proteins are involved in the regulation of many biological functions such as cell signalling, 

enzyme inhibition, immune responses, sexual maturation and reproduction, metabolism, 

blood pressure regulation, analgesia, learning and memory, and thermal control ("Peptide 

synthesis – chemistry and modifications," 2010). Thus, administration of peptides and 

proteins has become an attractive approach to treat diseases with inadequate levels of these 

macromolecules. However, their physicochemical properties such as high molecular 

weight, high hydrophilic character and low resistance to enzymatic degradation restrict 

their efficient delivery. Novel delivery approaches and formulations have been investigated 

in recent years to overcome these problems and develop safe and effective ways to 

administer peptides and proteins. 

One potential strategy involves the modification of the physicochemical properties of the 

peptides using physical or chemical conjugation to penetration enhancers (Bergeon et al., 

2007; Bergeon et al., 2008; Blanchfield & Toth, 2004). Toth et al. studied a number of 

lipid- and carbohydrate-based delivery systems to enhance the absorption of poorly 

available macromolecules including peptides. In order for these molecules to penetrate 

biological barriers and be absorbed via passive diffusion, a minimal level of lipophilicity is 

required (Goldberg & Gomez-Orellana, 2003). As previously reported, the conjugation of 

lipoamino acids (Laa) to peptides can be very effective, not only by enhancing the 

lipophilicity and thus assisting with passive and transcellular absorption, but also by 

providing protection against enzymatic degradation (Flinn et al., 1996; Gibbons et al., 

1990; Toth, 1994). A number of groups have also used sugar-peptide conjugates to actively 

deliver opioids into the CNS to produce analgesia (Mizuma et al., 1998; Tomatis et al., 

1997). Glycosylated neuropeptides have been shown to be transported by members of the 
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glucose transporter (GLUT) family (Guo et al., 2005), although other studies have 

suggested that larger carrier proteins such as the receptor for advanced glycation end 

products (AGEs) may be involved (Wang et al., 2003). Besides these opposing opinions on 

the actual mechanism involved, sugar conjugation seems to facilitate active transport into 

certain cells and across tissues including the blood brain barrier.  Besides providing active 

transport, sugar conjugation has been shown to increase the solubility of certain 

compounds. Laa-glucose conjugates, for example, displayed increased solubility of 

methotrexate in polar solvents and showed an increased inhibitory effect on human 

lymphoblastoid cell growth (Pignatello et al., 2001). Chemical modification may thus 

enhance the overall bioavailability of therapeutic peptides. 

2.1.1.   Peptide synthesis chemistry 

Synthetic peptides are valuable tools for the analysis of naturally occurring peptides or 

proteins. Since Emil Fischer‟s (1906) pioneering work in the early 1900‟s, synthesis 

methods have continually improved. Bruce Merrifield‟s (1964) development of solid-phase 

peptide synthesis (SPPS) was a big milestone in peptide synthesis and earned him the 

Nobel Prize in 1984. It was based on the idea that if the peptide is bound to an insoluble 

support then any non-reacted reagents left at the end of any synthetic step can be removed 

by a simple washing procedure, greatly decreasing the time required for purification. SPPS 

is a process by which chemical reactions can be carried out on a solid support in order to 

prepare a wide range of synthetic compounds. The resin supports used are designed to 

swell in commonly used solvents, expanding to many times of their original size. Therefore, 

the reactions occur not only on the surface of an inflexible particle, but within the support 

in a solvated gel which allows easy access to the growing peptide chain. Double coupling 

is usually employed to allow complete reactions in minimal time and results in more rapid 

synthesis of peptides with high purity. The coupling proceeds in a CN terminal direction 

resulting in racemisation limiting amine protection for the activated species. 

Solid phase chemistry offers many advantages over conventional synthesis in terms of 

efficiency, versatility, speed as well as ease of automation, purification procedures and low 
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costs. The primary advantage of SPPS is its high yield. For example, if each amino acid 

addition has a 80% yield then the overall yield of a 20 amino acid peptide is only 1%. 

SPPS instrumentation pushes coupling and deprotection yields to greater than 99%, giving 

an overall yield of greater than 80% for a 20 amino acid peptide. In solution phase peptide 

synthesis, on the other hand, particularly for longer sequences, the repetition of coupling 

and deprotection cycles can become very time consuming and require the isolation of all 

peptide intermediates.  

SPPS is usually carried out as follows and is also illustrated in Figure 2-1:  

1. Covalent attachment of C-terminal amino acid to resin 

2. Deprotection of N-terminal temporary protecting group at amino residue  

3. Activation of next amino acid (with protected amino group) at carboxy residue  

4. Coupling of the resin bound amino acid to an amino-protected amino acid 

5. Repetition of synthesis steps 2-4 in a CN terminal direction until fully synthesised  

6. Cleavage of the resin-bound peptide and deprotection of all side chain protecting 

groups 

7. Purification and characterisation of the synthesised peptides 
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Figure 2-1.  Solid phase peptide synthesis scheme 
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2.1.2.   The solid phase synthesis principle  

The two currently most popular SPPS strategies utilize either the acid-labile tert-

butyloxycarbonyl (tBoc) or the base-labile 9-fluorenylmethyloxycarbonyl (Fmoc) 

protecting groups (Figure 2-2). Each method involves fundamentally different amino acid 

side chain protection as well as cleavage and deprotection. 

 

 

Figure 2-2.  The protecting groups and their specific cleavage regents. Adopted from ("Peptide 

synthesis – chemistry and modifications," 2010) 

The tBoc SPPS is characterised by the use of tert-butyl (tBu) based temporary -amino 

protection and benzyl or substituted benzyl groups for permanent side chain protection. 

The tBoc is an acid-labile protecting group for amines and requires a strong acid such as 

neat trifluoroacetic acid (TFA), 50% TFA in dichloromethane (DCM) or hydrochloride 

(HCl) in methanol for its removal, while it is stable in most bases and nucleophiles. The 

mechanism of tBoc deprotection using TFA is shown below (Figure 2-3) and has to be 

followed by neutralisation of the resulting ammonium salt with a hindered tertiary base. 

Coupling is generally carried out by activation of the incoming amino acid. Final cleavage 

from the resin as well as deprotection of benzyl based side chain groups is achieved using 

strong acids, usually anhydrous hydrogen fluoride (HF). Such procedures require 

specialised equipment and sufficient protection.  
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Figure 2-3.  tBoc deprotection mechanism using a strong acid 

Unlike the tBoc approach which uses a regime of graduated acidolysis to achieve 

selectivity in the removal of temporary and permanent protection, the Fmoc method is 

based on an orthogonal protecting group strategy. Fmoc is base-labile and can be removed 

by 20% piperidine in N, N-dimethylformamide (DMF). The side chains are generally 

protected with acid-labile tert-butyl based groups which, similar to the linkage with the 

resin, can be cleaved by TFA in the presence of scavengers. 

2.2.   Objectives 

Major barriers to the application of peptides as clinically useful drugs include their poor 

permeability and fast enzymatic degradation in vivo. Cx43 MP is currently under 

development for the treatment of various pathologies and has been reported to have 

therapeutic potential to prevent loss of neurons after spinal cord injury (O'Carroll et al., 

2008). Moreover, the application of Cx43 MP has improved recovery of brain activity and 

reduced seizure activity by blocking gap junction functionality following brain ischaemia 

(Davidson et al., 2012) and also exhibited a dose- and exposure time-dependent protection 

in an ex vivo model of epileptiform lesion (Yoon et al., 2010). In addition, systemically 

applied Cx43 MP significantly reduced vascular leakage post retinal ischaemia-reperfusion 

injury by blocking Cx43 hemichannels and led to increased RGC survival (Danesh-Meyer 

et al., 2012). Although Cx43 MP has shown great advantages in different biological 

applications, the physicochemical properties limit its clinical use. One possible approach to 

reduce delivery problems has been to derivatize peptides to form prodrugs that are more 

lipophilic than the parent drug. Lipid conjugation has thereby proven to be a very effective 

approach to increase enzymatic stability and membrane permeability of the peptides. Also, 

sugar conjugation may result in active transport and thus increase absorption.  
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The studies in the present chapter aimed to increase the stability of unmodified Cx43 MP 

by conjugation to either one or two dodecanoic (C12) α-lipoamino acid ([H2N-CH (C10H19)-

COOH]) (Laa) or one N-β-D-glucosamine succinamic acid (GlcNS) moiety. Unmodified 

and modified Cx43 MP were synthesised using SPPS and characterised by mass 

spectrometry and HPLC analysis. The influence of Laa and GlcNS conjugation on peptide 

functionality and cell viability was also examined. Finally, peptide stability in ocular 

vitreous was determined using HPLC analysis.  
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2.3.   Materials and methods 

2.3.1.   Materials 

All solutions were prepared in HPLC-grade and water was purified using a Millipore 

Simplicity filtration system (Merck Millipore, Australia). Reagents used in this study are 

listed in Tables 2-1 and 2-2. C12-Laa and GlcNS were synthesised by Professor Istvan 

Toth‟s research team (University of Queensland, Australia) as previously described 

(Bergeon et al., 2008; Gibbons et al., 1990).   

Table 2-1.  List of materials 

Reagents Supplier 

p-Methyl-Benzhydrylamine (p-MBHA) resins 
(0.45 mmol/g) 

Peptides International Inc., (Kentucky, USA) 

N,N-dimethylformamide (DMF) Auspep (Melbourne, Australia) 

trifluoroacetic acid (TFA) Auspep (Melbourne, Australia) 

N,N-diisoproplyethylamine (DIPEA) Auspep (Melbourne, Australia) 

dichloromethane (DCM) Auspep (Melbourne, Australia) 

2-(1H-Benzotriazole-1-yl)-1, 1, 3, 3-
tetramethyluronium hexafluorphosphate 

(HBTU) 
Auspep (Melbourne, Australia) 

diethyl ether (Et2O) Auspep (Melbourne, Australia) 

acetic anhydride (Ac2O) Auspep (Melbourne, Australia) 

acetonitrile (ACN) Labscan (Dublin, Ireland) 

methyl alcohol (MeOH) Labscan (Dublin, Ireland 

hydrogen fluoride (HF) Boc Gases (Sydney, Australia) 

Dulbecco’s Modified Eagle Medium: Nutrient 
Mixture F-12 (DMEM/F12) 

Gibco (Auckland, New Zealand) 

Hank’s Buffered Salt Solution (HBSS) Gibco (Auckland, New Zealand) 
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phosphate buffered saline (PBS) Sigma-Aldrich (Auckland, New Zealand) 

trichloroacetic acid (TCA) Sigma-Aldrich (Sydney, Australia) 

paraformaldehyde (PFA) Sigma-Aldrich (Sydney, Australia) 

tris(hydroxymethyl)aminomethane (Tris) 
base buffer 

Sigma-Aldrich (Auckland, New Zealand) 

4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES) 

Sigma-Aldrich (Auckland, New Zealand) 

ethylene glycol tetra-acetic acid (EGTA) Sigma-Aldrich (Auckland, New Zealand) 

propidium iodide (PI) Sigma-Aldrich (Auckland, New Zealand) 

sulforhodamine B (SRB) Sigma-Aldrich (Auckland, New Zealand) 

4’,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich (Auckland, New Zealand) 

dimethyl sulfoxide (DMSO) Sigma-Aldrich (Auckland, New Zealand) 

carbenoxolone (Cbx) Sigma-Aldrich (Auckland, New Zealand) 

Table 2-2.  List of tBoc-amino acids  

Amino Acid tBoc Protection Structure g/mol Suppliers 

T (Thr) tBoc-Thr(Bzl)-
OH 

 

309.4 Nova Biochem 
(Darmstadt, 
Germany) 

K (Lys) tBoc-Lys(2Cl-z)-
OH 

 

414.9 GL-Biochem 
Ltd. (Shanghai, 

China) 
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E (Glu) tBoc-
Glu(OcHx)-OH 

 

329.4 Geanal 
Finchemical 

company 
(Budapest, 
Hungery) 

P (Pro) tBoc-Pro-OH 

 

215.3 GL-Biochem 
Ltd. (Shanghai, 

China) 

R (Arg) tBoc-Arg(Tos)-
OH 

 

428.5 GL-Biochem 
Ltd. (Shanghai, 

China) 

S (Ser) tBoc-Ser(Bzl)-
OH 

 

295.3 GL-Biochem 
Ltd. (Shanghai, 

China) 

L (Leu) tBoc-Leu-OH ∙ 
H2O 

 

249.3 GL-Biochem 
Ltd. (Shanghai, 

China) 
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F (Phe) tBoc-Phe-OH 

 

265.3 GL-Biochem 
Ltd. (Shanghai, 

China) 

C (Cys) tBoc-
Cys(pMeBzl)-

OH 

 

365.4 GL-Biochem 
Ltd. (Shanghai, 

China) 

D (Asp) tBoc-
Asp(OcHx)-OH 

 

315.4 Geanal 
Finchemical 

company 
(Budapest, 
Hungery) 

V (Val) tBoc-Val-OH 

 

217.3 GL-Biochem 
Ltd. (Shanghai, 

China) 

dodecanoic α-
lipoamino acid 
(C12-Laa) 

tBoc-C12-OH 

 

315.5 synthesised by 
Fazren Azmi 

(University of 
Queensland, 

Australia)  

 

 
N1-(2,3,4,6-tetra-
O-acetyl-β-D-
glucopyranosyl) 
succinamic acid 
(GlcNS) 

GlcNS(OAc)4-OH 

 

447 synthesised by 
Daryn 

Goodwin 
(University of 
Queensland, 

Australia) 
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2.3.2.   Synthesis of mimetic peptides 

Cx43 MP, matching amino acids 199-210 on the extracellular loop 2 of Cx43 

(VDCFLSRPTEKT) and its three chemical modifications were prepared using the tBoc 

strategy summarised in Figure 2-4. The following is an outline of the synthetic steps. To 

avoid any possible degradation, the prepared intermediates and final compounds were 

stored in well-closed glass vials at -20˚C. 

Loading of C-terminal amino acid to resin 

A mass of 444 mg (0.2 mmol) of p-MBHA resins was loaded into a fritted column 

equipped with a plastic cap. The resin was swelled with 0.2 ml DIPEA and DMF for 2 h. 

After complete drainage of the resin by air pressure, the tBoc-amino acid:HBTU:DIPEA 

(4.2:4:6.2)  mixture (0.84 mmol of the first tBoc-amino acid, 1.6 ml of 0.5 M solution of 

HBTU in DMF and 0.216 ml of DIPEA) was poured onto the resin and allowed to couple 

for at least 30 min. During this time, the column was gently shaken to assure complete 

mixing. After the reaction was finished, the reaction column was drained and the resin was 

washed with DMF. 

Deprotection - removal of tBoc amino-terminal protecting group (N-terminal) 

Neat TFA was added to the column twice for 1 min to allow removal of the tBoc protecting 

group. The reaction column was then washed with DMF. 

Activation and coupling - peptide bond formation 

In a small vial, 0.84 mmol (4.2 eq.) of the tBoc-amino acid was pre-activated by 

dissolution in 1.6 ml of 0.5 M (0.8 mmol, 4 eq.) solution of HBTU in DMF and 0.216 ml 

(1.24 mmol, 6.2 eq.) of DIPEA for 2 to 3 min. The solution was added to the resin and 

gently shaken for at least 30 min. This step was repeated for each amino acid. Coupling 

steps typically involved an activation of residues with DIPEA in DMF, combined with 

neutralization in the presence of HBTU. The coupling efficiency for each step was 

controlled by the ninhydrin test and determined to be >99.7%. After each coupling step, the 
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resin was washed with DMF and steps 2 and 3 were repeated for each amino acid addition 

until the sequence was completed.  

Once 12 amino acids had been attached, the resin was dried under vacuum overnight and 

was divided into four groups. One served as the native peptide while the other three were 

coupled to C12-Laa, C12-C12-Laa or GlcNS, respectively. While the same ratios were used 

for Laa coupling (4.2:4:6.2), the ratio was GlcNS:HBTU:DIPEA (2:1.95:3.5) for sugar 

coupling. The C12-Laa was obtained from its brominated precursor, 2-bromododecanoic 

acid (Gibbons et al., 1990) and was then protected on the N
α
 position with a tBoc group. 

GlcNS was used as glycosyl construct and attached onto the peptide scaffold (Bergeon et 

al., 2008).  

Cleavage of peptides from the resin 

The peptide resin was washed twice with DCM and MeOH and was dried under vacuum 

overnight. It was then placed into the reaction vessel with a Teflon-coated stirring bar and 

mixed with 5% p-thiocresol and 5% p-cresol, which were used as scavengers. During the 

cleavage step, highly reactive species such as tBu-cations and tBu-trifluoroacetate are 

generated that can lead to undesired side reactions with sensitive amino acids such as Cys, 

Met, Trp and Tyr. These reactive species therefore have to be trapped chemically by the 

addition of appropriate scavengers (Yoon et al., 2010). Before proceeding with the 

cleavage, the vessel was cooled in a dry ice acetone bath for at least 5 min. The resin was 

treated with HF (10 ml/g resin) and left to stand between -5 and 0 °C for at least 2 h to 

cleave the peptides off the resin. This also allowed for cleavage of the side chain protecting 

groups of the sugars and amino acid. HF was evaporated with air flow and the peptides 

were precipitated out of the resulting oily residue by washing with a minimal volume of 

cold diethyl ether (Et2O). The crude peptide was collected by vacuum filtration and 

redissolved in ACN:H2O 1:1 which was then removed by lyophilisation overnight to yield 

the crude peptide. 
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Figure 2-4.  Synthesis of C12-Laa, C12-C12-Laa or GlcNS conjugates of Cx43 MP. (I) tBoc-amino acid, HBTU, DIPEA (4.2:4:6.2 eq.); (II) deprotection 

followed by TFA; (III) DCM and MeOH; (IV) HF, scavengers (5% p-thiocresol and 5% p-cresol), cold diethyl ether; (V) GlcNS, HBTU, DIPEA (2:1.95:3.5 

eq.); (A) Cx43 MP; (B) C12‐Cx43 MP; (C) C12‐C12‐Cx43 MP and (D) GlcNS‐Cx43 MP 
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2.3.3.   Analysis and purification of mimetic peptides 

2.3.3.1.   HPLC analysis and purification of mimetic peptides 

Chromatographic separation of the peptides was performed on a Shimadzu high-

performance liquid chromatography (HPLC) system equipped with a binary, high-pressure 

gradient solvent delivery pump (LC-20AB), an autosampler (SIL-20AC HT), a diode array 

detector (SPD-M10), a UV-visible absorbance detector (SPD-20AV), a degasser (DGU-

20A5), a communications bus module (CMB-20A) and data processing software 

(LCsolution Version 1.23).  

Crude peptides in their free acid form were analysed by analytical reverse phase HPLC 

(RP-HPLC)  on a C18  column (#218TP54, Vydac, 5 μm, 4.6 x 250 mm) from Grace 

(Archerfied, Queensland, Australia) for native Cx43 MP and the glucose-modification and 

a C4 column (#214TP54, Vydac, 5 μm, 4.6 x 250 mm) for lipoamino acid-modifications 

using solvents A (0.1% TFA in H2O) and B (0.1% TFA, 90% ACN and 10% H2O) with a 

linear gradient from 0 to 100% solvent B over 30 min with flow rate of 1 ml/min at a 

wavelength of 214 nm. The injection volume was 30 µl. 

Preparative RP-HPLC was carried on a Waters Delta Prep 600 system to purify the crude 

peptides on a C18 column (#218TP1022, Vydac, 10 μm, 22 x 250 mm) for native Cx43 MP 

and the glucose-modification and a C4 column (#214TP1022, Vydac, 10 μm, 22 x 250 mm) 

for lipoamino acid-modifications. Solvents A (0.1% TFA in H2O) and B (0.1% TFA in 

90% ACN) with a gradient method as described in Table 2-3 were used with a flow rate of 

10 ml/min at a wavelength of 214 nm. The injection volume was 4 ml containing 

approximately 30 mg of crude peptide. 

Fractions were collected and analysed by HPLC and mass spectrometry (MS) for the 

correct sequence. Fractions containing the pure peptide were combined, freeze-dried and 

stored at –80°C until further use. 
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Table 2-3.  Gradient methods used for preparative HPLC of crude compound. 

A) Linear gradient method for unmodified peptide: 

 Time point (min) Mobile Phase A (%) Mobile Phase B (%) 

Equilibration 0.0 100 0 

Injection 0.0 100 0 

Gradient 5.0 100 0 

Gradient 15.0 95 5 

Gradient 60.0 50 50 

Gradient 65.0 0 100 

Gradient 75.0 0 100 

Gradient 76.0 50 50 

Equilibration 80.0 50 50 

B) Linear gradient method for C12-Laa modification: 

 Time point (min) Mobile Phase A (%) Mobile Phase B (%) 

Equilibration 0.0 100 0 

Injection 0.0 100 0 

Gradient 5.0 100 0 

Gradient 15.0 70 30 

Gradient 60.0 25 75 

Gradient 65.0 0 100 

Gradient 75.0 0 100 

Gradient 76.0 50 50 

Equilibration 80.0 50 50 

C) Linear gradient method for C12-C12-Laa modification: 

 Time point (min) Mobile Phase A (%) Mobile Phase B (%) 

Equilibration 0.0 100 0 

Injection 0.0 100 0 

Gradient 5.0 100 0 

Gradient 15.0 60 40 

Gradient 60.0 15 85 

Gradient 65.0 0 100 

Gradient 75.0 0 100 

Gradient 76.0 50 50 

Equilibration 80.0 50 50 

D) Linear gradient method for GlcNS modification: 

 Time point (min) Mobile Phase A (%) Mobile Phase B (%) 

Equilibration 0.0 100 0 

Injection 0.0 100 0 

Gradient 5.0 100 0 

Gradient 15.0 85 15 

Gradient 65.0 35 65 

Gradient 70.0 0 100 

Gradient 75.0 0 100 

Gradient 76.0 50 50 

Equilibration 80.0 50 50 
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2.3.3.2.   Mass spectrometry analysis of mimetic peptides 

The electrospray ionisation mass spectrometry (ESI-MS) system consisted of an Applied 

Biosystems Perkin-Elmer Sciex API 3000 (Winsford, Cheshire, United Kingdom), a triple 

quadrupole mass spectrometer equipped with positive ESI interfaced to the column eluent 

via a Sciex heated nebulizer probe operating at 450 ˚C. Operating conditions were 

optimised by flow injection of all analytes at a flow-rate of 5 µl/min, using an ACN:H2O 

(9:1) mobile phase containing 0.1% (v/v) formic acid. The sample volume injected was 5 

μl. Spectra were acquired using a Q3 full scan from 1 to 3000 amu. The dwell time was 

250–400 ms and mass analysers Q1 and Q3 were operated at unit mass resolution. The 

mass spectrometer was programmed to admit the protonated [M+H]
+ 

or doubly charged 

[M+2H]
2+

 molecules via the first quadrupole filter (Q1). Data was acquired and analysed 

using Analyst 1.4 software (Applied Biosystems/MDS Sciex, Toronto, Canada).  

2.3.4.   Assessment of cell viability 

2.3.4.1.   Cell line and culture conditions 

Cell viability experiments were performed on human precursor NT2/D1 cells (Stratagene, 

La Jolla, CA, USA), a human testicular carcinoma progenitor cell line, which can be 

induced to differentiate into neuronal cells by treatment with retinoic acid (Andrews, 1984). 

They are a good model for this study due to expression of a number of proteins 

characteristic of nervous tissue, including Cx43 protein, the most predominant gap junction 

protein in astrocytes and they were previously validated for Cx43 hemichannel opening 

(O'Carroll et al., 2008). Additionally, NT2/D1 cells are a human cell line, thus providing a 

model for studying phenomena specific to human neural development. Cells were cultured 

in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) 

supplemented with 5% foetal bovine serum (FBS) and antibiotics (penicillin 100 U/ml and 

streptomycin 100 μg/ml) in tissue culture treated flasks and maintained at 34 °C in a 

humidified 5% CO2 incubator. 
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2.3.4.2.   Assessment of cell viability 

Cytotoxicity of the synthesised Cx43 MP on human precursor NT2/D1 cells (Stratagene, 

La Jolla, CA, USA) was assessed by the sulforhodamine B (SRB) assay in a 96-well plate 

format using the optimised protocol described by Vichai and Kirtikara (2006). Briefly, the 

NT2/D1 cell density was adjusted to 2x10
5
 cells/ml with DMEM/F12, and the cell 

suspension was added to 96-well plates (0.1ml/well, 2x10
4
 cells/well). After 24 to 48 h of 

incubation at 34 °C, the medium in each well was removed. Cells were treated with a 

dilution series of each compound dissolved in DMEM/F12 medium with three replicates 

per concentration. Final concentrations of mimetic peptides in medium were 10, 50 and 

100 µM. After 6, 24 and 48 h of incubation at 34 °C, the culture medium was carefully 

removed and cells were washed twice with phosphate buffered saline (PBS). Cells were 

then fixed with 0.1ml ice-cold 10% TCA and incubated at 4 °C for 1 h. The plate was 

rinsed five times with tap water and 0.1 ml of 0.4% (w/v) SRB in 1% acetic acid was 

added to each well. After incubation at room temperature for 20 min on a shaker, the 

unbound dye was removed by rinsing five times with 1% (v/v) acetic acid in water and the 

plate was then left to dry. Cell-bound dye was extracted with 0.1 ml 10 mM Tris base 

buffer (pH 10.5) to solubilize the dye and the absorbance was determined at 510 nm on a 

multi-detection microplate reader (Biotek, Luzern, Switzerland). Each plate contained 

internal positive (DMSO 5%) and negative (culture medium only) controls and inhibition 

of cell growth was expressed as relative viability (% of negative control). 

2.3.5.   Peptide functionality studies  

Dye influx experiments were performed to assess whether modified mimetic peptides 

could still regulate connexin hemichannel opening upon a zero calcium (Ca
2+

) trigger. 

NT2/D1 cells, which express high levels of Cx43, were plated into 96-well plate at 1x10
4
 

cells/well for 24 h. Monolayer cultures were rinsed twice with Mg
2+

 and Ca
2+

 free HBSS-

HEPES containing 25 mM HEPES and 1 mM EGTA. Then cultures were incubated with 

Mg
2+

 and Ca
2+

 free HBSS-25mM HEPES containing 1 mM EGTA with 2 mM of 

propidium iodide (PI) and 10 μM of Cx43 MP (modified and unmodified) in water. 
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Carbenoxolone (Cbx) 100 μM in DMSO served as positive control while incubation with 

Mg
2+

 and Ca
2+

 free medium served as negative control. For baseline experiments, cultures 

were incubated with normal HBSS-HEPES (containing no EGTA). After 10 min excess PI 

was removed, cells were fixed with 4% paraformaldehyde (PFA) for 10 min and nuclei 

were stained with 100 nM DAPI for 10 min. After washing the cells again with PBS, 

pictures were acquired with a 10x objective on a Nikon TE2000E inverted fluorescent 

microscope and captured using Digital Sight CCD camera software (Nikon with Image Pro 

Plus MediaCybernetics). Each experiments was carried out in triplicate with three images 

taken per well, and the average dye uptake was determined (n=9). The number of cells 

which had taken up dye as a marker for hemichannel opening was counted manually and 

quantified by calculating the number of pixels with fluorescence intensity above a 

threshold value of 60 using ImageJ (National Institutes of Health 

(http://rsb.info.nih.gov/ij)).  

2.3.6.   Peptide stability in ocular vitreous 

Peptides (500 µM) were incubated with 500 µl of freshly collected bovine vitreous (50% in 

PBS) at 37 °C. Chromatographic separation of the peptide and peptide fragments was 

performed on an HPLC system as described above. Samples were prepared for analysis as 

follows: at each time point, an aliquot (50 µl) was removed from the peptide/vitreous 

mixture and placed on ice immediately. Each aliquot was then treated with ACN (75 µl) 

causing vitreous proteins to precipitate from solution. Each aliquot was centrifuged (25 

min, 13,200 rpm) and the supernatant (50 µl) was collected. Samples were then loaded 

onto a Vydac C4 column (#214TP54) and peptides were eluted at 1ml/min using a linear 

gradient ranging from 100% solution A (0.1% TFA in H2O) to 100% solution B (0.1% 

TFA and 90% ACN in H2O) over 30 min. The amount of peptide present at each time point 

was quantified as the „area under the curve‟ (AUC) for each compound eluted using a 

detection wavelength of 214 nm. The degradation profile of each compound was obtained 

by plotting the percentage of intact peptide remaining in solution against time. Each 

experiment was performed in triplicate. 
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2.3.7.   Statistical analysis  

Statistical analysis to compare differences in cell viability, peptide functionality and 

stability was performed using a one-way analysis of variance (ANOVA) with Tukey‟s 

pairwise comparison at a 95 and 99% confidence interval (Minitab 15, Minitab Pty Ltd, 

Sydney, Australia). 

 



Chapter Two - Synthesis and modification of Cx43 MP 

 

69 

 

2.4.   Results and discussion 

Peptides were synthesised by a manual solid-phase protocol on p-MBHA resins. A tBoc 

strategy was used in this study due to cost and time savings, reduced peptide aggregation 

and higher purity. The twelve-amino acid sequence peptide and its three modifications 

were synthesised according to Figure 2-4. Either one or two C12-Laa or one GlcNS group 

was introduced to the N-terminus of native Cx43 MP. All Cx43 MP conjugates were 

prepared and characterised upon purification. 

2.4.1.   Analysis and purification of mimetic peptides 

2.4.1.1.    HPLC analysis and purification of mimetic peptides 

RP-HPLC is one of the most commonly used techniques for the separation and purification 

of peptides and proteins (Gooding & Regnier, 2002). The recovery of purified unmodified 

and modified Cx43 MP as well as HPLC and MS data are summarised in Table 2-4 and 

chemical structure of each Cx43 MP is shown in Figure 2-5. HPLC (Figure 2-6) and mass 

spectra (Figure 2-7) of Cx43 MP and its modifications were found to be satisfactory.  

Table 2-4.  Summary of physicochemical characterisation parameters of unmodified and 

modified Cx43 MP  

Peptides 
Retention 

time (min) 

ESI-MS (m/z) 

[M+H]
+
 

ESI-MS (m/z) 

[M+2H]
2+

 
Recovery (%) 

A. Cx43 MP 12.2 1395.7 698.1 29.4 

B. C12-Cx43 MP 17.4 1593.5 797.1 27.0 

C. C12-C12-Cx43 MP 22.1 1790.7 895.9 35.5 

D. GlcNS-Cx43 MP 16 1656.6 829.0 23.3 
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Figure 2-5.  Chemical structure of (A) Cx43 MP, (B) C12-Cx43 MP, (C) C12-C12-Cx43 MP and (D) 

GlcNS-Cx43 MP 
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The ninhydrin test revealed a >99.7% coupling efficiency. However, the recovery of the 

peptides was only between 23 and 35%. This relatively low recovery of pure peptides may 

have been due to the difficult coupling of the cysteine amino acid group, resulting in rapid 

oxidation under relatively mild conditions, negatively influencing the HF cleavage of the 

protecting groups, and thus peptide purification. In addition, activated β-branched amino 

acids (Ile, Thr, Val) exaggerate the poor couplings. GlcNS-Cx43 MP showed the lowest 

yield, possibly due to the poly-hydroxylated nature of the sugar and the more complicated 

process of sugar attachment compared to lipid conjugation. Nevertheless, purified peptides 

showed narrow peaks and good separation during HPLC while the MS data proved the 

successful synthesis of the modified peptides.   

HPLC analysis of the crude peptides demonstrated that, in all cases, the main 

chromatographic peak corresponded to the expected Cx43 MP (Figure 2-6). Under the 

chromatographic conditions described above, the retention time of Cx43 MP, C12-Cx43 

MP, C12-C12-Cx43 MP and GlcSN-Cx43 MP were 12.48, 17.40, 22.14 and 14.74 min, 

respectively, which was expected as more hydrophobic (lipophilic) compounds bind 

stronger to the column according to longer retention times. 

  

2.4.1.2.   Mass spectrometry analysis of mimetic peptides 

The electrospray (ESI) process produces a protonated molecule of the Cx43 MP, [M+H]
+
, 

at m/z 260. Figure 2-7A to D  show the ion spectra of [M+H]
+
 and [M+2H]

2+ 
obtained at a 

collision energy (ECM) of 2.7 eV. A mass spectrum of the peptides was run using a 

positive mode electrospray ionisation technique. This technique has the advantage of 

allowing rapid, accurate and sensitive analysis of a wide range of analytes.  
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Figure 2-6.  HPLC profiles of purified Cx43 MP (A) Cx43 MP, (B) C12-Cx43 MP, (C) C12-C12-

Cx43 MP and (D) GlcNS-Cx43 MP 
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Figure 2-7.  Mass spectrum of Cx43 MP showing the isotopic distribution for (A) Cx43 MP, (B) 

C12-Cx43 MP and (C) C12-C12-Cx43 MP 
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2.4.2.   Assessment of cell viability 

In order to assess possible cytotoxicity of the synthesised Cx43 MP in vitro, we incubated 

the peptides at various concentrations for different time periods with NT2/D1 cells (Figure 

2-8). None of the peptides showed cytotoxicity at therapeutic concentration (10 µM) using 

the SRB assay. As shown in Figure 2-8A, native Cx43 MP, C12-Cx43 MP and C12-C12-

Cx43 MP were non-toxic at all three concentrations tested while GlcNS-Cx43 MP at 100 

µM revealed a significant (p<0.05) reduction in cell viability after 6 h of incubation. Both 

C12-Laa and C12-C12-Laa conjugates showed no short-term toxicity even at concentrations 

as high as 100 µM.   

 After drug exposure for 24 h (Figure 2-8B), the cell viability for C12-Cx43 MP (73.6±1.5 

%) and C12-C12-Cx43 MP (77.7±2.0 %) treatment was significantly reduced (p<0.01). This 

was also the case for unmodified Cx43 MP (86.8±3.4 %) at 100 μM, with cell viability 

significantly different (p<0.05) to the control. Similar effects were seen after 48 h of 

incubation (Figure 2-8C). The cytotoxicity of the lipidic conjugates increased with higher 

peptide concentrations and longer exposure times. However, this effect was also seen for 

unmodified Cx43 MP at 100 µM. Therefore, the cytotoxic effect cannot be entirely 

attributed to lipidic modification. 

Previous studies have shown that Cx43 MP exhibited different effects on the permeability 

of hemichannels and gap junctions depending on the concentration used (Evans & 

Leybaert, 2007; O'Carroll et al., 2008). High peptide concentrations (≥500 µM) not only 

prevented hemichannel opening but also resulted in uncoupling of existing gap junction 

channels, which was not observed at lower concentrations (≤5 µM), suggesting an 

unknown interaction between gap junctions and high peptide levels. Uncoupling existing 

gap junction channels may lead to cell isolation which may result in further cell apoptosis, 

explaining the reduced cell viability at higher peptide concentration after 24 h of 

incubation.  



Chapter Two - Synthesis and modification of Cx43 MP 

 

75 

 

 

 Figure 2-8.  Cell viability (expressed as %) after incubation with various peptide concentrations 

for 6 h (A); 24 h (B) and 48 h (C) with cell culture medium as negative and 5% DMSO as positive 

control (mean values ± SD, n=3, *p<0.05, **p<0.01) 
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GlcNS-Cx43 MP showed significantly reduced (p<0.01) cell viability at all concentrations 

at 24 h ranging from 62 to 87%. This may be due to the uncoupling of glucose from the 

MP once inside the cell, which may cause an increase in intracellular glucose levels 

resulting in reactive oxidative stress as well as mitochondrial swelling which precede 

neuronal apoptosis (Russell et al., 2002; Wang et al., 2012). In addition, changes in 

glucose concentration may influence intracellular ion concentrations (K
+
, Na

+
 and Ca

2+
 ) 

via the ATP-dependent Na
+
/K

+
 pump as well as Ca

2+ 
channels, thus inducing an alteration 

of the membrane potential (Silver & Erecinska, 1998), which could result in further cell 

damage. 

C12-Laa conjugation resulted in higher toxicity with an increase in the number of alkyl 

chains. Although the alkyl chains were expected to positively affect hydrophobic activity 

of these conjugates, unfavourable steric phenomena may have compromised their activity. 

By varying the lipophilicity and linkage of the Cx43 MP conjugates the toxicity towards 

NT2/D1 cells can be modified.  



Chapter Two - Synthesis and modification of Cx43 MP 

 

77 

 

2.4.3.   Peptide functionality studies 

Functional connexin hemichannels were first reported in horizontal cells of the retina 

(DeVries & Schwartz, 1992; Malchow et al., 1993). They can be activated by exposure to 

calcium-free solutions (Boitano & Evans, 2000; Braet et al., 2003; DeVries & Schwartz, 

1992; Li et al., 1996), by metabolic inhibition (John et al., 1999) or by membrane 

depolarization (Hofer & Dermietzel, 1998). While under resting conditions the activity of 

connexin hemichannels in astrocytes is low, but withdrawal of external calcium has been 

shown to lead to hemichannel opening (Stout & Charles, 2003), which has been used to 

monitor the activity of Cx hemichannels by observation of fluorescent dye uptake into cells 

(Braet et al., 2003). A similar protocol was utilised in this study to investigate the effect of 

Cx43 MP modification on hemichannel opening in a NT2/D1 cell line, which expresses 

high levels of Cx43.  

The dye influx pattern after treatment with various compounds is shown in Figure 2-9 and 

2-10. Comparison between manually counted PI positive cells and ImageJ pixels showed a 

linear relation between both parameters. Images revealed that PI uptake after 10 min of 

exposure to a zero calcium environment without addition of peptide (negative control, 

Figure 2-9B) was significantly (p<0.01) increased (47%) compared to the baseline level 

(7%), while carbenoxolone (Cbx, 100 μM, positive control) reduced dye uptake almost 

back to baseline level (9%). Cbx, a synthetic derivative of glycyrrhetinic acid, is one of the 

most widely used gap junction channel blockers with a rapid (< 1 min) and reversible 

action. Incubation of cells with native Cx43 MP and peptide modifications (10 μM, Figure 

2-9C) reduced PI uptake to levels ranging from 7 to 11% which were comparable to Cbx. 

Results revealed that the three Cx43 MP modifications were capable of abolishing 

hemichannel opening proving that the peptide modification did not alter their functionality.  
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Figure 2-9.  PI uptake triggered by zero 

extracellular calcium. PI (red) uptake into NT2 

cells with nuclei stained with DAPI (blue) 

under (A) normal calcium conditions 

(baseline); (B) zero calcium buffer (negative 

control);  (C) incubation of carbenoxolone 

(Cbx, positive control); (D) with Cx43 MP; (E) 

C12‐Cx43 MP; (F) C12‐C12‐Cx43 MP; and (G) 

GlcNS‐Cx43 MP. Scale bar = 50 μm 
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Figure 2-10. Quantification of PI uptake triggered by zero extracellular calcium. Dye influx 

(expressed in %) in normal calcium conditions (baseline), zero calcium buffer without (negative 

control) and with incubation of carbenoxolone (Cbx, positive control) and the various peptides 

(mean values ± SD, n=9, ** p<0.01). 

Typically, functional studies of Cx hemichannels are based on their permeability properties 

for ions (ionic coupling) or small molecules (biochemical or metabolic coupling). 

Monitoring of gap junction channel currents and electrophysiological recording of 

hemichannel activity may also be achieved with the double/single patch-clamp technique 

(Giaume et al., 1991; Olsen et al., 2006). The drawback of the patch-clamp approach is 

that the pair of recorded cells is also coupled to other cells in which voltage cannot be 

controlled and the lack of specific tools makes it difficult to formally attribute the recorded 

currents to hemichannel activity (Giaume & Theis, 2010). Thus, intercellular passage and 

uptake of fluorescent dyes or tracers provides an easy method of gap junction channel or 

hemichannel activity and is the most extensively used approach. Common dyes or tracers 

have a low molecular weight (<1 kDa) and include Lucifer yellow (Kyle et al., 2009; 

Sorensen et al., 2008), Alexa dyes, biocytin (Blomstrand et al., 2004), neurobiotin (Kyle et 

al., 2009) and PI (Braet et al., 2003; Pollok et al., 2011).  
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Previous gap junction modulators have generally mediated their effect by general and 

fairly complex intracellular pathways such as the inositol trisphosphate and diacylglycerol 

pathways. Activation of these pathways modulates the phosphorylation pattern of 

cytoskeletal proteins associated with gap junctions and eventually results in an increased 

permeability to solutes such as drug molecules. A preferred strategy for modulating the 

diffusion through gap junctions would be to directly target the modulator to the 

extracellular part. Cx43 MP includes the highly conserved SRPTEK sequence (Boitano & 

Evans, 2000), which was considered as a key sequence in Cx43 hemichannel regulation. 

This is consistent with previous studies which have shown that another gap junction 

peptidomimetic, Gap 27 (sequence SRPTEKTLFII), displayed inhibitory effects in zero 

calcium-triggered ATP release and dye influx experiments (Leybaert et al., 2003). 

Attaching C12-Laa and GlcNS groups to the N-terminus may increase stability and tissue 

permeability of the peptides whilst preserving their functionality due to the unaltered key 

sequence. In this study, peptide concentrations used were expected to block hemichannels. 

It is possible, that with sustained delivery Cx43 MP might also reduce gap junction 

coupling by preventing Cx assembly into functional gap junction channels (Evans & 

Boitano, 2001). It is believed that peptides may diffuse into the intercellular gap where 

they are able to bind to the extracellular loop of Cx43 preventing the docking of 

hemichannels from neighbouring cells, while high MP concentrations are also able to 

uncouple existing gap junctions (Evans et al., 2006; O'Carroll et al., 2008).  

Despite the growing evidence that Cx43 MP prevent gap junction hemichannel opening, 

the exact mechanisms underlying their mode of action remains unclear. In addition, Cx43-

mediated hemichannels are involved in many cellular functions in different cell types 

through the whole body. Previous studies have shown that Gap 27 displayed inhibitory 

effects which were consistent with the InsP3 triggered ATP release experiments and the 

zero calcium-triggered ATP release and dye influx experiments in epithelial and 

endothelial cell lines (Leybaert et al., 2003). This suggests that the zero calcium-triggered 

dye influx proceeds through a mechanism that is similar to the ATP release mechanism 

which is Cx43-mediated and inhibition of hemichannel and gap junctional coupling may 

affect a variety of Cx43-mediated cellular functions with slight non-specific effects. From 

a therapeutic perspective, once these mechanisms have been activated, they seem difficult 
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to control because irreversible uncoupling of gap junctions is obtained, which may result in 

cytotoxicity.  

Systemically injected MP may affect a variety of Cx43-mediated cellular functions in the 

body and has less specific tissue targeting. However, the Cx43 MP described here was 

designed to be injected intravitreally into the eyeball, avoiding systemic side effects. By 

adjusting the concentration of Cx43 MP, the level of gap junction uncoupling and/or 

hemichannel opening can be separately controlled. In addition, conjugation of either C12-

Laa or GlcNS may inhibit peptidase-mediated degradation of the peptide, which would 

reduce the dose and frequency of intravitreal injections while maintaining therapeutic 

peptide levels. 

2.4.4.   Peptide stability in ocular vitreous 

Studies examining the stability of each compound in bovine vitreous suggested that 

conjugation to either C12-Laa or GlcNS to the N-terminus of Cx43 MP increased the 

enzymatic stability. As shown in Figure 2-11, the remaining amount of intact C12-C12-Cx43 

MP after 30 min was 74% as opposed to 60% for the unmodified Cx43 MP. After 4 h, 44% 

of native peptide remained intact compared to 57% of the double C12 modification. C12-

C12-Cx43 MP showed a significantly (p<0.05) increased resistance to enzymatic 

degradation compared to the parent peptide and was therefore found to be the best 

candidate for peptide stability enhancement. C12-Laa exhibit properties of amino acids and 

lipids, thus their conjugation to a peptide or drug provides a means of effectively 

transporting the compound into the body in a stable and biologically active form (Toth, 

1994). Our findings confirm the principle that conjugation with one or more lipoamino 

acid groups has the capacity to increase the resistance to enzymatic breakdown, with an 

increasing number of lipid alkyl chains subsequently improving enzymatic stability.  
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Figure 2-11.  Remaining amount (expressed as %) of peptides over time (mean values ± SD, n=3, 

*p<0.05) 

For further analysis and comparison, stability data was fitted to first order kinetics. The 

rate constant as well as half-life and areas under the degradation curves (AUC) are listed in 

Table 2-5 and were analysed statistically using a one-way ANOVA with Tukey‟s pairwise 

comparison. 

Table 2-5.  Kinetic parameters according to first order reaction. R2: correlation coefficient, K: 

rate constant, t1/2: half-life, AUC: the area under the peptide concentration time curve (mean 

values ± SD, n=3, *p<0.05, **p<0.01).  

MP Cx43 MP C12 Cx43 MP C12 C12 Cx43 MP GlcNS Cx43 MP 

R
2
 0.850 ± 0.051 0.919 ± 0.030 0.897 ± 0.086 0.855 ± 0.062 

K (min
-1

) 0.0048 ± 0.0005 0.0023 ± 0.0001
**

 0.0012 ± 0
**

 0.0023 ± 0.0006
**

 

t1/2 (min) 145.57 ± 14.57 301.34 ± 18.93
**

 353.39 ± 13.63
**

 318.04 ± 75.13
**

 

AUC 12,724.46 ± 937.11 14,661.40 ± 292.98
*
 15,611.34 ± 187.95

**
 14,326.99 ± 854.27 
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The half-life of the modifications was two- to three-fold higher compared with the 

unmodified peptide (p<0.01). Moreover, the AUC for C12-Laa (p<0.05) and C12-C12-Laa 

conjugates (p<0.01) was also significantly increased compared to the parent peptide. Thus 

both C12-Laa and glucose conjugates resulted in higher enzymatic resistance, although they 

did not achieve our expected goal of prolonging the peptide activity for days. It may be that 

attaching only one or two C12-Laa to the N-terminus of a 12 amino acid peptide does not 

provide sufficient protection to the whole amino acid sequence, thus enzymatic 

degradation may still occur from the C-terminus. This was not the case in previous studies, 

where the dipeptide seemed to be entirely sterically protected from enzymatic degradation 

by the attached lipoamino acids (Bergeon et al., 2008; Bergeon & Toth, 2007). 

Attaching a lipid to a peptide increases its lipophilicity and therefore may result in 

increased absorption, since lipid solubility is required for passive transport across 

biological membranes (Muranushi et al., 1981). However, the conjugation of lipids may 

also cause solubility issues. Adjusting the number and length of the attached lipid alkyl 

chains may optimise the properties of the peptide, achieving sufficient solubility in polar 

solvents while also enabling penetration into biological tissues, thus improving the overall 

bioavailability. Previous studies have investigated the influence of lipid alkyl chain length 

on dipeptide stability and have shown that a carbon chain length of over 12 was required to 

provide sufficient protection from enzymatic degradation (Bergeon & Toth, 2007). In our 

study, increasing the number of C12-Laa attached to Cx43 MP improved enzymatic stability 

without reducing aqueous solubility, which is in agreement with previous studies (Bergeon 

& Toth, 2007; Toth et al., 1994). This can be explained by the fact that the lipoamino acid 

chains prevent the binding of the peptide to the enzyme receptor, thus inhibiting its 

recognition and subsequent cleavage.  

The GlcNS conjugate displayed a similar enzymatic resistance pattern to the C12-Cx43 MP 

and a moderate improvement in peptide stability in bovine vitreous compared with the 

parent peptide. Generally, glycosylation at the N-terminus of the peptide increases the 

resistance to aminopeptidase activity, while improving membrane permeation, facilitating 

the transport of molecules across the intestinal epithelium and the blood brain barrier 

(Kellam et al., 1998). In general sugar conjugation not only improves the physicochemical 
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properties of the parent peptide (e.g. solubility and stability), but may also allow for active 

uptake of the conjugate (e.g. via the glucose transporter 3 (GLUT3) which is expressed in 

neurons and predominantly found in axons (Vannucci et al., 1997)), enabling specific 

targeting of Cx43 MP to RGC. 
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2.5.   Conclusion 

Peptide and protein drugs possess unique physicochemical and biological properties; 

however, they have inherent problems such as poor membrane penetration and rapid 

enzymatic degradation. This chapter investigated the conjugation of C12-Laa and GlcNS to 

native Cx43 MP as a means to enhance the resistance to enzymatic degradation without 

affecting functionality.  

Novel Laa and GlcNS derivatives of the dodecapeptide Cx43 MP were successfully 

synthesised by manual SPPS and assessed in NT2/D1 cells for cytotoxicity and 

functionality. In addition, in vitro enzymatic stability was evaluated in bovine vitreous. 

Overall, this study demonstrated that all modified MP were non-cytotoxic at therapeutic 

concentrations over 48 h of incubation. Unmodified and modified MP inhibited dye uptake 

into NT2/D1 cells comparable to Cbx by blocking Cx43 hemichannel opening. This 

suggests that lipid and/or sugar modification on the N-terminus of the peptide does not 

affect its binding to the extracellular loop of Cx43. Stability studies clearly showed that the 

apparent half-life of the unmodified Cx43 MP was substantially lower than those obtained 

for the modified peptides, with the C12-C12-Laa conjugate displaying the highest resistance 

to enzymatic degradation. The conjugation of Cx43 MP to C12-C12-Laa may therefore 

enhance the overall bioavailability of Cx43 MP by increasing tissue half-life and 

permeability.  

In order to treat chronic diseases such as glaucoma a prolonged effect is required. The next 

chapter will therefore investigate a sustained release system by developing Cx43 MP 

loaded PLGA micro- and nanoparticles to achieve long-term delivery reducing repeated 

intraocular injections.  
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3.1.   Introduction 

The delivery of peptides has been one of the most interesting challenges in the field of 

pharmaceutical technology over the past decades. Although they are promising therapeutic 

agents, some serious restrictions limit their feasibilities. The most limiting factor is the loss 

of activity in a biological environment. As mentioned in Chapter 2, chemical modification 

of peptides cannot only protect molecules from enzymatic attack but may also makes them 

more accessible to the tissue of interest. However, in order to treat chronic diseases, a 

prolonged effect is required. This chapter investigates slow release systems to achieve 

long-term delivery reducing the need for frequent intravitreal injections. Non-viral carriers 

based on biocompatible polymers are preferred to deliver such vulnerable molecules due to 

their safety, stability, relative ease of large-scale production and characterisation, and the 

lack of intrinsic immunogenicity (Li & Huang, 2000). In general, these systems provide 

targeted (cell or tissue) delivery of drugs, improve oral bioavailability, prolong the drug 

effects in the target tissue, improve the stability of the therapeutic agent against enzymatic 

degradation (nucleases and proteases) and  provide sustained-release for long periods 

(Chen et al., 2012; Panyam et al., 2003b). 

Biodegradable particles are an important area of research in the field of drug delivery and 

polymeric ocular drug delivery has made a lot of progress over the last decades. 

Microparticles (Mps) and nanoparticles (Nps) are polymeric colloidal systems with a 

therapeutic agent of interest encapsulated within their polymer matrix or adsorbed or 

conjugated onto the surface. While Mps are generally between 0.3 and 300 µm in size, Nps 

are smaller than 500 nm. One of the most commonly used polymers is the biodegradable 

and biocompatible poly(D, L-lactic-co-glycolic acid) (PLGA) copolymer, which has been 

approved by the Food and Drug Administration (FDA) for human use in therapeutic 

devices. As polyesters in nature, PLGA polymers undergo hydrolysis upon implantation 

into the body, forming biologically compatible and metabolisable moieties (lactic acid and 

glycolic acid). Lactic acid enters the tricarboxylic acid cycle (TCA cycle or Krebs cycle) 

and is metabolised and subsequently eliminated from the body as carbon dioxide and water 

(Anderson & Shive, 1997; Chen et al., 2014). Glycolic acid is either excreted unchanged in 

the kidney or it enters the TCA cycle as well and is eventually eliminated as carbon 
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dioxide and water. Polymer biodegradation products are formed at a very slow rate, and 

hence do not affect normal cell function (Makadia & Siegel, 2011). 

Different techniques can be used to encapsulate peptides into PLGA Mps and Nps. These 

include emulsion solvent evaporation, emulsion diffusion, solvent displacement and salting 

out, where the particles are synthesised from the pre-formed polymer networks. The 

emulsion solvent evaporation method is the oldest method for Mps and Nps preparation 

and is also the most widely employed. Water-in-oil-in-water (w/o/w) emulsion templates 

are hereby best suited to encapsulate water-soluble drugs like peptides, proteins, and 

vaccines. The fabrication of Mps and Nps containing hydrophilic active ingredients 

includes the formation of a primary water-in-oil (w/o) emulsion where a small volume of 

an aqueous phase containing the hydrophilic drug is dispersed in the organic phase 

containing the polymer. The emulsion is formed under intense shear stress (first size 

reduction) and is then dispersed in a larger volume of the continuous phase (aqueous phase) 

containing appropriate amounts of a surfactant to form the double w/o/w emulsion. The 

surfactant is hereby required to stabilise the dispersed phase. The second size reduction 

under high shear stress should be controlled to minimize the diffusion of the hydrophilic 

active component to the external aqueous phase. This step is directly related to the final 

size of the Mps and Nps. Polyvinyl alcohol (PVA) is the most commonly used emulsifier 

for the formulation of PLGA Mps and Nps because the particles formed are relatively 

uniform and small and are easy to re-disperse in aqueous medium. The process of 

emulsification is followed by evaporation of the organic solvent and the nanoparticles 

formed are usually collected by centrifugation, re-dispersed in distilled water and freeze 

dried. Due to the low preparation temperature, this encapsulation method has guaranteed 

the maintenance of the biological activity of the encapsulated molecules (Chen et al., 

2011a; Jia et al., 2008; Wang et al., 2008). Several factors such as the type and 

concentration of the polymer and surfactant have been shown to affect the characteristics 

of the Mps and Nps preparation (Yeo & Park, 2004) and can be adjusted to achieve the 

desired size range and release characteristics.  

Repeated intraocular injections are poorly tolerated with risks such as endophthalmitis, 

cataract formation, retinal detachment and vitreous haemorrhage. Frequent administration 
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can be overcome by developing delivery systems able to promote prolonged release of the 

drug. Due to the cellular or sub-cellular size of Mps and Nps, they can be administered by 

the intravitreal route without surgical incision with minimal adverse effects on the ocular 

tissues. Moreover, they can penetrate deep into the tissues, allowing efficient delivery of 

therapeutic agents to the target site. Modulation of the polymer characteristics can hereby 

control the release of a therapeutic agent from Mps and Nps to achieve the desired 

therapeutic level in the target tissue for optimal efficacy.  

Mps and Nps have been under evaluation for ophthalmic drug delivery purposes over the 

last two decades and have shown to improve the stability of the encapsulated therapeutic 

agents against enzymatic degradation while also exhibiting a sustained delivery effect to 

the target tissue. These systems offer special advantages in the treatment of posterior 

segment diseases such as optic neuropathy, proliferative vitreoretinopathy, endophthalmitis, 

cytomegalovirus retinitis, recurrent uveitis and diabetic retinopathy as these diseases 

require long-term treatment with current frequent injections reducing the patient's quality 

of life. However, the challenge remains to effectively design these particles as 

unpredictable release rate and particle degradation may lead to the active drug released 

before it reaches the target site. 

 

3.2.   Objectives 

The aim of the current chapter was to develop PLGA Mps and Nps loaded with Cx43 MP 

that would provide controlled and predictable release kinetics, high peptide loading, 

minimal burst effect, and long-term release after administration of a single intravitreal 

injection. Therefore, Cx43 MP loaded biodegradable PLGA depot formulations were 

prepared by the double emulsion solvent evaporation method and the entrapment efficiency 

as well as the release kinetics of the Cx43 MP from the Mps and Nps were evaluated.  
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3.3.   Materials and methods 

Poly(D,L-lactic-co-glycolic acid) (PLGA 50:50, MW 13,600, inherent viscosity 0.19 dl/g), 

polyvinyl alcohol (PVA, MW 130,000, hydrolysis degree 95–97%), dimethyl sulfoxide 

(DMSO), polyclonal rabbit anti-Cx43 antibody and Triton X were purchased from Sigma-

Aldrich (Auckland, New Zealand). Analytical grade dichloromethane (DCM) was obtained 

from Scharlau (Barcelona, Spain). Plain (VDCFLSRPTEKT, MW 1396 g/mol) and FITC-

labelled Cx43 MP (FITC-AVDCFLSRPTEKT, MW 1856 g/mol) were purchased from 

Auspep (Tullamarine, VIC, Australia). Water used was pre-treated with the Milli-Q water 

purification System, Millipore (Rockland County, NY, USA). ARPE-19 cells were 

purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). 

GlutaMAX™, DMEM/F-12 culture medium, TrypLE™ Express, goat serum and collagen 

type I from rat tail were purchased from Gibco Laboratories (Grand Island, NY, USA). 

Secondary Goat anti-rabbit antibody tagged with Alexa568, 4',6-diamidino-2-phenylindole 

(DAPI) and glycine were purchased from Invitrogen (Carlsbad, CA, USA). Phosphate 

buffered saline (PBS) was purchased from Oxoid Limited (Basingstoke, Hampshire, 

England, UK). Mounting medium (CITI-Fluor antifade) was from CitiFluor Ltd. (Leicester, 

England, UK) and paraformaldehyde was from Ajax Finechem (Auckland, New Zealand).  

3.3.1.   Preparation of Cx43 MP micro- and nanoparticles 

Nps were prepared according to a previous study (Chen et al., 2011a) and the PLGA and 

PVA concentrations for Mps were chosen on the basis of preliminary tests to obtain a 

desirable size range. All parameters are summarised in Table 3-1. 

Table 3-1.  Parameters used for preparation of Cx43 MP loaded Mps and Nps  

Formulation 
Concentration of   

Ratio of w/o/w 
Cx43 MP (mM) PLGA (%) PVA (%) 

Microparticles 10  10 5 1:10:40 

Nanoparticles 5 3 3 1:10:20 
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Mps and Nps loaded with Cx43 MP were prepared using the double emulsion and solvent 

evaporation technique with polyvinyl alcohol (PVA) as emulsifier. Briefly, for Mps, 10 

mM of Cx43 MP aqueous solution was emulsified in the organic phase (DCM containing 

100 mg/ml of PLGA) using a 2 mm microtip probe sonicator (Hielscher, Teltow, Germany) 

at an amplitude of 50 W for 1 min and a duty cycle of 0.6 s on an ice bath to form the 

primary w/o emulsion. The formed primary w/o emulsion was further emulsified in an 

aqueous solution of PVA (5% w/v) to form the multiple w/o/w emulsion. This emulsion 

was then homogenised at 8,000 rpm for 5 min (IKA works, Ultra-Turrax T10 (Wilmington, 

USA)) and was subsequently poured into 50 ml of an aqueous PVA solution (0.1% w/v to 

stabilise the double emulsion during the evaporated process. The organic phase was then 

evaporated under constant stirring at room temperature and the resultant Mps were 

recovered by centrifugation at 13,000 rpm for 15 min. After two washing steps with water 

to remove residual PVA, particles were lyophilized (VirTis, SP Scientific, Gardiner, NY, 

USA) for 24 h to obtain a dry powder which was stored at -20 °C until further use.  

Nps were prepared as previously described (Chen et al., 2011a). Briefly, 5 mM of Cx43 

MP aqueous solution was emulsified in the organic phase (DCM containing 30 mg/ml of 

PLGA). The formed primary w/o emulsion was further emulsified in an aqueous solution 

of 3% w/v PVA to form a multiple w/o/w emulsion. This emulsion was subsequently 

poured into 50 ml of 0.1% PVA solution. The organic phase was then evaporated under 

constant stirring at room temperature and the resultant Nps were recovered by 

ultracentrifugation at 30,000 rpm (ProteomeLab™ XL-A/XL-I; Type 70 Ti rotor, Beckman 

Coulter, Auckland, New Zealand) at 4 °C. After two washing steps with water, particles 

were lyophilised for 24 h to obtain a dry powder which was stored at -20 °C until further 

use.  

3.3.2.   Evaluation of particle morphology using scanning 

electron microscopy 

The surface morphology of Mps and Nps was determined by scanning electron microscopy 

(SEM). Freeze-dried samples were mounted onto aluminium stubs using double-sided 

adhesive tape and then sputter coated with a thin layer of gold under an argon atmosphere 
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using a Polaron SC 7640 sputter coater. Images were obtained using a Philips XL30S Field 

Emission Gun Scanning Electron Microscope (Eindhoven, Netherlands) at an acceleration 

voltage of 5 kV. 

3.3.3.   Determination of particle size, polydispersity index and 

zeta potential 

Mps and Nps size and uniformity/polydispersity index (PDI) were determined in MilliQ 

water before and after freeze drying using a Malvern Mastersizer S2000 and Zetasizer 

Nano version 4.0, respectively (Malvern Instruments, Worcestershire, UK). The Mps 

particle size was measured at 25 °C by laser diffraction and the uniformity was determined 

by following the Mie theory for scattering. Samples were analysed in triplicate and three 

sub-runs were performed for each measurement. Nps size measurements were based on 

photon correlation spectroscopy (PCS) using the quasielastic light scattering technique at 

25 °C and a 173° scattering angle. Samples were analysed in triplicate. Twenty sub-runs 

were used for each measurement. The raw data was subsequently correlated to the Z 

average mean size using the cumulative analysis by the Zetasizer 3000 HS software 

package. The particle size was expressed as the mean volume diameter in nm and the PDI 

was expressed as the width of the distribution.  

The surface charge of the Nps was estimated by measuring the zeta potential (ZP) based on 

the electrophoretic mobility determined by Laser Doppler Anemometry using a Zetasizer 

3000HS. All zeta potential measurements were performed with appropriately diluted Nps 

suspensions at 25 °C, which were sonicated before sample examination to prevent 

aggregation. Measurements were performed in triplicate and thirty sub-runs were used for 

each sample to calculate the mean. The surface charge of Mps could not be measured on 

the Mastersizer. 
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3.3.4.   Entrapment efficiency of Cx43 MP 

A 2.5 mg mass of FITC-labelled Cx43 MP-loaded Mps and Nps was added to 0.25 ml of 

DMSO to allow for polymer dissolution. Subsequently, 0.5 ml of water was added and the 

mixture was allowed to stand for 15 min at room temperature before shaking for 30 min to 

facilitate extraction of FITC-labelled Cx43 MP into the aqueous phase. Samples were 

centrifuged at 13,000 rpm and 4 °C for 5 min and Cx43 MP concentrations in the 

supernatant were quantified using a fluorometer at an excitation wavelength of 486 nm and 

an emission wavelength of 538 nm using a microplate reader (Spectra Max M2 Microplate 

Readers, Molecular Devices, USA). For this, 200 µl of FITC-labelled Cx43 MP containing 

release buffer were loaded into the wells of a black 96-well plate. FITC-labelled Cx43 MP 

concentrations were compared to freshly prepared standards ranging from 0.01 to 10 µM. 

The detection limit for the assay was 0.01 µM.  

Entrapment efficiencies (EE) were calculated according to Equation 1: 

  ( )  
                            (  )

                              (  )
                                         ( ) 

Loading amounts (LA) were calculated according to Equation 2: 

  ( )  
                            (  )

                          (  )
                                              ( ) 

3.3.5.   In vitro Cx43 MP release from PLGA Mps and Nps 

A 15 mg mass of FITC-labelled Cx43 MP-loaded Mps and Nps was suspended in 0.7 ml of 

PBS and shaken at 100 rpm and 37 °C over the period of the release experiment. A volume 

of 0.6 ml of supernatant was withdrawn at pre-determined time points and replaced with 

fresh medium. Samples were centrifuged at 13,000 rpm and the supernatant was assayed 

for FITC-labelled Cx43 MP using a fluorometer as described above. Cumulative amounts 

of Cx43 MP released were calculated according the following equation (Equation 3), 
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where Dt is the cumulative amount of Cx43 MP released at time t and D∞ is the total 

amount of drug loaded into the nanoparticles. 

                                      ( )  
   (  )

   (  )
                           ( ) 

All measurements were carried out in triplicate and results were expressed as mean values 

with a standard deviation (SD). 

3.3.6.   In vitro assessment of Cx43 hemichannel block  

ARPE-19 cells (P9-12) were assessed for the expression of Cx43. Cells were routinely 

cultured in DMEM/F12 containing 10% heat inactivated FCS, 1% GlutaMax and 1% 

penicillin/streptomycin at 37 °C with 5% CO2 and 95% relative humidity. Upon confluence, 

cells were harvested with TrypLE™ Express and seeded onto coverslips. For this, glass 

coverslips were placed in a 12-well plate and were incubated with 50 µg/ml collagen type I 

in 0.02 M acetic acid for 1 h at room temperature. After coating, cells were seeded at a 

density of 1x10
5
 cells/ml per well. After 48 h of settling and adhesion, cells were ready to 

be used for the assays to evaluate the ability of Cx43 MP to be released from Mps and Nps 

and block Cx43 hemichannel opening. Each well was washed with PBS three times, 

followed by addition of 1 ml of FITC-Cx43 MP solution or FITC-Cx43 MP loaded Mps 

and Nps suspensions, which were freshly prepared by mixing the freeze-dried particles 

with medium. The final Cx43 MP concentration was kept constant at 5 µM. At 

predetermined time points (8 and 24 h), suspensions were removed and cells were carefully 

washed with PBS three times to remove any residual particles. Before labelling for Cx43, 

cells were fixed with 4% cold PFA at room temperature for 20 min. Cells were then 

permeabilized with ice cold methanol at -20 °C for 10 min. To prevent unspecific binding, 

2% goat serum in 0.1% Triton X and 20 mM glycine were added for 1 h. Cells were then 

incubated with a 1:2000 dilution of polyclonal rabbit anti-Cx43 antibody at 4 °C overnight. 

After removing the primary antibody, cells were washed with PBS and then incubated with 

a 1:500 dilution of goat anti-rabbit secondary antibody labelled with Alexa 568 for 2 h. 

Nuclei were counterstained with DAPI (100 nM in PBS) at room temperature for 30 sec. 
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After rinsing with PBS, coverslips were mounted with citifluor onto the glass slide and 

sealed with nail varnish. Imaging was performed on a confocal laser scanning microscope 

(FV1000, Olympus, Tokyo, Japan) with Cx43 gap junctions labelled in red and nuclei 

stained in blue and images were processed using the FV10-ASW 3.1 software (Olympus, 

Tokyo, Japan). It should be noted that the primary Cx43 antibody is designed to bind to 

Cx43 hemichannels, however, a single hemichannel is too small to be visualised. Thus, the 

labelling is representative of the amount of gap junctions or gap junction plaques which 

consist of hundreds of unblocked hemichannels, with a reduction in labelling signifying the 

efficacy of the released Cx43 MP. 

3.3.7.   Statistical analysis 

Results were expressed as mean values with a standard deviation (SD). Analysis of 

variance (one-way ANOVA) with Tukey-Kramer comparison was used to test for 

significant differences between groups. The difference was considered significant when 

p<0.05. All data analysis was carried out using Minitab
®
 statistical software version 15 

(Minitab Inc., State College, PA, USA).  
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3.4.   Results and discussion 

PLGA Mps and Nps have been used for drug delivery applications due to their 

biocompatibility and sustained-release properties. Therapeutic agents such as peptides and 

proteins can be entrapped into the polymer matrix which can provide sustained release of 

these molecules from the matrix. Thus, it is essential to select an entrapment process which 

fulfills the requirements of an ideal controlled release system. These include a desired size, 

high yield and entrapment efficiency, low burst release with a suitable release profile and 

stability of the entrapped Cx43 MP. The double emulsion and solvent evaporation 

technique described here appears to be a suitable method for the preparation of PLGA Mps 

and Nps loaded with Cx43 MP as it is rapid and the emulsion is kept at about 5 °C thus 

maintaining the stability of the peptide.  

3.4.1.   Evaluation of particle morphology using scanning 

electron microscopy  

In order to control the drug release profile efficiently, it is important that the Mps and Nps 

have appropriate morphological characteristics such as particle size and pore distribution. 

Using the double emulsion and solvent evaporation method, PLGA Cx43 MP loaded Mps 

and Nps of desirable sizes with narrow size distributions were obtained. Figure 3-1 shows 

the morphology of the freeze-dried Mps (A) and Nps (B) immediately after preparation as 

well as the change in surface morphology and porosity after three days in release media (C 

and D, respectively). As demonstrated, both Mps and Nps exhibited spherical structures 

and a relatively smooth and even surface morphology after preparation (Figure 3-1A and 

B). Although the formation of some agglomerates was observed, no free drug crystals were 

present, indicating complete loading of Cx43 MP into the PLGA matrix. After 3 days in 

release media, Mps showed slight pore formation on the particle surface (Figure 3-1C) 

while Nps were almost completely eroded with many particle capsules remaining (Figure 

3-1D). These observations were supported by the in vitro release profiles as discussed later 

in this chapter. 
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Figure 3-1.  SEM micrographs of freeze-dried (A) Mps and (B) Nps as well as (C) Mps and (D) Nps after three days in release media 
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3.4.2.   Determination of particle size, polydispersity index and 

zeta potential  

The physicochemical characteristics of Cx43 MP loaded PLGA Mps and Nps are 

summarised in Table 3-2. The particle size of the Mps did not change significantly during 

the freeze-drying process and was around 9 and 11 µm before and after respectively. 

However, Nps seem to aggregate after freeze-drying and during storage with the initial 

particle size of around 113 nm increasing almost 2.5-fold to around 271 nm, which 

correlated with a decrease in the negative ZP.  

Table 3-2.  Physicochemical parameters and entrapment efficiency of Cx43 MP loaded Mps and 

Nps before and after freeze drying  (data represents mean values ± SD, n=3) 

Formulation Particle size Uniformity/PDI ZP (mV) Yield (%) EE (%) LA (%) 

Before freeze-drying      

Microparticles 
9.13±0.37 

µm 
0.79±0.11 --    

Nanoparticles 
113.38±0.74 

nm 
0.31±0.01 -31.3±0.94    

After freeze-drying      

Microparticles 
11.61±1.25 

µm 
2.27±0.26 -- 90.32±2.75 97.41±2.59 1.78±0.05 

Nanoparticles 
271.46±32.45 

nm 
0.40±0.02 -21.63±2.72 91.26±4.28 70.04±1.63 2.07±0.05 

 

 

The aim of this study was to develop two differently sized particles with varying release 

characteristics. Particulate systems for ophthalmic use must be extremely small-sized to 

avoid ocular damage due to abrasion and irritation and provide good injectability. Particles 

of diameters less than 100 µm can be considered suitable for intravitreal administration as 

they can move and distribute well without interfering with the vision (Martinez-Sancho et 

al., 2003; Tice & Gilley, 1985). Due to the size range obtained, both Mps and Nps were 

considered suitable for intravitreal injection. Adjusting the PLGA concentrations and 
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volume ratio of w/o/w (Table 3-1), defined particle sizes with a narrow range could be 

achieved. The particle size distribution curves by volume of particles are shown in Figure 

3-2A (Mps) and 3-2B (Nps).  

 

Figure 3-2.  An example of the particle size distribution by volume of Cx43 MP-loaded (A) Mps 

and (B) Nps before freeze-drying  

The particle size distribution was mostly influenced by the PLGA concentration. The 

higher the concentration of PLGA used, the higher the mean diameter obtained. This is 

most likely due to the greater probability of smaller polymer aggregates coalescing in a 

more concentrated solution, hence leading to larger droplets (Mainardes et al., 2005). It 
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could also be explained by the higher shear forces necessary during the emulsification 

process due to the increasing viscosity of the organic phase, which results in poorer 

dispersability of the PLGA solution into the aqueous phase (Song et al., 2008).  

In general, the particle size decreases with increasing PVA concentrations due to the 

increased shear stress and viscosity if the concentration of PLGA is kept constant. High 

PVA concentrations prevent migration of the internal aqueous phase towards the 

continuous phase by increasing the viscosity of the continuous phase (Song et al., 2008). 

PVA hereby adsorbs at the oil/external aqueous interface of the droplets to produce a steric 

barrier decreasing particle coalescence. Moreover, to achieve long-term release sufficient 

PVA is required to stabilise the particles and slow down the erosion rate therefore delaying 

Cx43 MP release. If the amount of PVA is insufficient to cover the entire surface of the 

droplets containing increasing amounts of PLGA, coalescence occurs during the 

evaporation process which results in particle aggregation and uneven size distribution 

(Song et al., 2008). 

The particle size increased from 9 to 11 µm for Mps and from 113 to 271 nm for Nps after 

freeze-drying due to aggregation, with the effect more pronounced for the smaller Nps than 

the larger Mps. Freeze-drying is an essential step to stabilise and facilitate the handling of 

Mps and Nps. Particles were initially obtained as a milky suspension resulting in 

aggregation over a short period of time. Furthermore, the PLGA copolymers may degrade 

non-enzymatically in an aqueous environment thus releasing the incorporated drug during 

storage (Chasteigner et al., 1996). However, there was a tendency for the Mps and Nps to 

aggregate during the lyophilisation process, which resulted in changes in the 

physicochemical properties of the polymeric carriers. This was in accordance with 

previous studies performed on PLGA nanoparticles (Chacon et al., 1999; Chen et al., 

2011a) and may be one disadvantage of the freeze-drying technique. The aggregation could 

be reversed by lowering the pH or adding different amounts of salts such as sodium citrate. 

Stabilizers such as sucrose, lactose and glucose have also been used to protect particles 

from the freezing stress and thus prevent their aggregation (Abdelwahed et al., 2006).  

Saez et al. (2000) showed that PLGA Nps could be freeze-dried giving an acceptable 

product upon reconstitution with no macroscopic aggregation when sucrose or glucose 
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were added at a concentration of 20% w/w. The effects of adding a freeze-drying 

protectant should therefore be further investigated in future studies.  

The mean ZP of Nps was initially -31.3±0.94 mV and changed to -21.63±2.72 after freeze-

drying, which could also explain the higher tendency to aggregate upon storage. Since 

Cx43 MP is neutral at pH 7.4 the negative charge was attributed to PLGA. The ZP is an 

important physicochemical characteristic of particles as it can influence both particle 

stability and mucoadhesion (Vandervoort & Ludwig, 2002). Highly positive or negative ZP 

values can cause repulsion between particles and therefore prevent aggregation (Dillen et 

al., 2004) and thus in theory tend to stabilise particle suspensions. The ocular vitreous is 

composed of more than 98% of water, with collagen and hyaluronan molecules comprising 

the two main solid components. Findings by Xu et al. (2013) suggested that anionic 

particles may diffuse freely through the vitreous via electrostatic repulsion between the 

particles and the negatively charged vitreous meshwork if their sizes are small enough to 

avoid sterical trapping. The mesh pore size of bovine vitreous has been shown to be 

between 1-2 µm (Bos et al., 2001). Therefore, Nps are predicated to be capable of rapidly 

diffusing through the vitreous towards the retina, while Mps may be trapped in the 

meshwork due to their bigger size. 

 

3.4.3.   Entrapment efficiency of Cx43 MP  

The entrapment efficiency (EE) and yields of FITC-labelled Cx43 MP loaded PLGA Mps 

and Nps obtained are shown in Table 3-2. The reproducibility of the method was good, as 

indicated by the drug content and EE determinations carried out on three batches per group 

prepared under identical conditions. High yields (≥ 90%) were obtained for both particles, 

with EE of Cx43 MP being higher in the larger Mps (≥ 97%) compared to the much 

smaller Nps (≥ 70%), with an almost complete peptide encapsulation obtained for Mps. 

Cx43 MP is highly water soluble, but almost insoluble in DCM, and mixtures of water and 

DCM. In order to obtain a high EE, the w/o/w double emulsion solvent evaporation 

procedure was adopted as most attempts to increase EE are based on the idea that fast 
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polymer precipitation on the surface of the dispersed phase can prevent drug loss into the 

organic phase (Ravi et al., 2008). On the other hand, when solidification of the dispersed 

phase is delayed, encapsulation efficiency becomes low because more drug diffuses into 

the organic continuous phase. It has been shown that the entrapment of hydrophilic drugs 

can be improved by using high concentrations of PLGA as well as surfactants such as PVA 

(Labhasetwar et al., 1997). As the Cx43 MP was dissolved in the internal aqueous phase, 

the organic phase served as a barrier between the two aqueous parts, preventing the 

diffusion of the active component to the external aqueous phase. Moreover, an increase in 

the PLGA concentration resulted in higher viscosity of the organic phase, reducing the net 

shear stress and promoting formation of larger sized droplets, therefore increasing the 

entrapment efficiency of the drug. The relatively high concentration of PLGA in this study 

therefore contributed to the high EE by lowering the diffusivity of the active. This was in 

agreement with Bilati et al. (2005) who demonstrated that processing parameters of the 

w/o/w double-emulsion affected their size and EE, with the size of Nps increasing with 

higher polymer concentration in the organic phase. 

 

3.4.4.   In vitro Cx43 MP release from PLGA Mps and Nps 

In vitro release studies showed that both Mps and Nps demonstrated sustained release 

characteristics. Cumulative percentages of Cx43 MP released from Mps and Nps versus 

time are shown in Figure 3-3. Both formulations exerted a three-phase pattern: an initial 

burst release followed by a delayed slow release with a final drug dump at the end. In 

general, drug release from PLGA is biphasic, however hydrophilic peptides or proteins 

may exhibit a triphasic release profile from PLGA matrices due to the high affinity or 

attraction between matrix and peptides (Herrera et al., 2012; Sales-Junior et al., 2005).   

http://en.bab.la/dictionary/english-chinese/affinity
http://en.bab.la/dictionary/english-chinese/attraction
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Figure 3-3.  In vitro release profiles of Cx43 MP loaded Mps and Nps (data points represent 

mean values ± SD, n=3) 

Immediately following immersion of the spheres into the buffer approximately 28.6 (Mps) 

and 45.9% (Nps) of Cx43 MP was released within one day. This initial burst release was 

most likely due to diffusion of drug molecules bound to the particle surface. Particle size is 

hereby an important parameter that could affect the initial burst release. This can be 

explained by a decrease in surface area to volume ratio, resulting in less surface available 

for the medium to penetrate into the particles and erode the polymer (Panyam et al., 2003a). 

Thus, an increase in the surface results in an increase of interior drug release. On the other 

hand, increasing the diameter of the particles also increases the length of the diffusion 

pathways for the Cx43 MP therefore leads to drug molecules having to traverse a longer 

distance within the polymer matrix to reach the surface (Budhian et al., 2008) which may 

explain  the different release rates of Mps and Nps.  

Drug bound to the surface and in contact with the medium is released as a function of 

solubility as well as penetration of water into the polymer matrix. Random polymer cut-

outs from the PLGA backbone decreases the molecular weight significantly, but no 

significant weight loss is apparent and no soluble monomer products are formed during this 
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phase (Makadia & Siegel, 2011). This initial burst release has often been observed by other 

investigators, especially for small molecular weight, water-soluble drugs (Luan et al., 2006; 

Saez et al., 2000). It can generally be explained in two ways. Firstly, burst release occurs 

mainly due to the heterogeneous drug distribution in the polymer matrix (Huang & Brazel, 

2001). Therefore, drugs that are either loosely associated with the surface or embedded in 

the surface layer are mainly responsible for the burst release (Chen et al., 2011a; Rafati et 

al., 1997). Moreover, during the vacuum drying process, water flows to the matrix surfaces 

before evaporation. Hence, when the drug is highly water soluble, it tends to migrate 

towards the exterior of the particles. The initial rapid release observed in the present study 

was probably due to some of the Cx43 MP migrating from the inner matrix to the particle 

surface during the drying process, resulting in fast diffusion of Cx43 MP associated with 

the surface (i.e. molecules that were not entrapped but were adsorbed onto the Mps and 

Nps surface as well as pre-formed existing pores within the particles, from which the drug 

could easily diffuse into the medium). Secondly, the morphology of the particles may also 

be responsible for the initial burst as the drug may escape from the polymeric matrices 

through pores and cracks that form during the fabrication process (Yang et al., 2001b).  

Following the initial burst release, a 97 (Mps) and 55-day (Nps) plateau stage was 

observed during which a further 43.6 (Mps) and 46.7% (Nps) of Cx43 MP was released.  

This drug release was a result of diffusion, with concomitant polymer hydrolysis and 

reduction of polymer molecular weight. In this second phase, Cx43 MP released gradually 

through the drug depleted layer, which can generally be considered a polymer degradation-

controlled process. The SEM observations of Mps and Nps after 3 days of in vitro drug 

release confirmed the gradual degradation of the Mps and Nps matrices. As shown in 

Figure 3-1, the Mps and Nps morphology changed from an originally smooth to a porous 

surface with the particles finally collapsing. This was in accordance with previous studies 

performed by Blanco et al. (1998) and Packhaeuser et al. (2007), who reported release due 

to polymer degradation and drug diffusion through water-filled channels created during the 

erosion process. PLGA undergoes degradation by hydrolysis or biodegradation through 

cleavage of its backbone ester linkages into soluble oligomeric and finally monomeric 

products (Rizkalla et al., 2006). This creates a passage for the drug to be released by 

diffusion and erosion until complete polymer solubilisation. This has been demonstrated 

both in vivo and in vitro for various drug types and proteins with different polymer ratios 
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(Amann et al., 2010; Chen et al., 2011b). The role of enzymes in the PLGA biodegradation 

process remains unclear. Literature indicates that the PLGA biodegradation does not 

involve any enzymatic activity and is primarily due to hydrolytic degradation (Makadia & 

Siegel, 2011). However, there are conflicting reports suggesting that an enzymatic 

processes may play a role in the PLGA degradation mechanisms (hydrolytic versus 

enzymatic cleavage) partially due to observations that degradation in vivo cannot be 

entirely correlated to the in vitro data (Alexis, 2005). Nevertheless, due to a lack of 

uniformity in in vivo tests, it is difficult to determine the exact enzymes involved in the 

degradation process (Stevenson et al., 2012).  

During the final 14 (Mps) and 7 (Nps) days, 27.8 (Mps) and 7.4% (Nps) of Cx43 MP was 

released respectively with a total cumulative release of 100% for both particles. This final 

stage represents drug release as a result  complete of dissolution of low molecular weight 

polymer fragments and erosion of the bulk of the polymer (Herrera et al., 2012; Sales-

Junior et al., 2005). During this tertiary stage, the PLGA matrix became more and more 

hydrophilic and finally broke into small pieces, allowing more water to penetrate the 

higher surface area, thereby further enhancing polymer degradation and thus accelerating 

Cx43 MP release from the remaining PLGA matrix.  

3.4.5.   In vitro assessment of Cx43 hemichannel block  

Cx43 MP have been shown to inhibit gap junction or hemichannel activity in a variety of 

cell types including epidermal keratinocytes, dermal fibroblasts (Wright et al., 2009), 

vascular cells (Martin et al., 2005) and neuronal cells (Danesh-Meyer et al., 2012; 

O'Carroll et al., 2008). Cx43 MP can block the functional activity of free hemichannels, 

whose active physiological role can be monitored using dye uptake assays (Chapter 2) 

(Chen et al., 2013c). At low concentrations (5 µM) Cx43 MP are able to prevent 

hemichannel opening but have no effect on gap junction communication, while both effects 

can be observed at high concentrations (500 µM) (O'Carroll et al., 2008). Low Cx43 MP 

concentrations were used in the present study to stop proapoptotic agents diffusing from 

dying to otherwise viable cells by blocking hemichannels opening. This prevents further 
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irreversible tissue injury but does not completely isolate cells which may happen at higher 

Cx43 MP concentrations.  

The present study used ARPE-19 cells, a human retinal pigment epithelium cell line 

expressing Cx43, to investigate whether Cx43 MP released from PLGA Mps and Nps was 

still intact in culture medium and thus able to block free Cx43 hemichannels and 

potentially interfere with new gap junction coupling. ARPE-19 cells were cultured for 

periods of up to 24 h in the presence of either native Cx43 MP or Cx43 MP loaded Mps 

and Nps, followed by immunocytochemical analysis of Cx43 levels. In vitro assessment of 

Cx43 hemichannel blockage results are shown in Figure 3-4. After 8 h (Figure 3-4C and D) 

and 24 h (Figure 3-4E and F) of exposure to the native Cx43 MP, Cx43 expression in 

ARPE-19 cells was similar to the controls cultured only with growth medium (Figure 3-4A 

and B). Cells treated with Cx43 MP loaded Mps and Nps showed reduced Cx43 expression 

over time. There were no significant differences in Cx43 expression after 8 h incubation 

with Mps (Figure 3-4G and H) and Nps (Figure 3-4K and L), while after 24 h of exposure, 

both Mps (Figure 3-4I and J) and Nps (Figure 3-4M and N) groups exhibited a reduction in 

Cx43 expression relating to the delayed release and thus activity of the MP longer term and 

its effect on channel formation. Each group showed a similar cell density compared to the 

control, indicating that no cytotoxicity occurred at the concentrations used. 
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Figure 3-4.  Cx43 expression profile in ARPE-19 cells. After 8 h (C and D) and 24 h (E and F) of 

exposure to the native peptide, Cx43 expression in ARPE-19 cells was similar to the control (A 

and B). There were also no significant differences in Cx43 expression after 8 h incubation with 

Mps (G and H) and Nps (K and L), while after 24 h of exposure, both Mps (I and J) and Nps (M 

and N) groups exhibited a reduction in Cx43 expression indicating longer term treatment with 

these reagents possibly reducing new gap junction channel formation. Merged image of nuclei 

stained with DAPI (blue) and Cx43 (red). (Scale bar = 50 µm) 
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It is believed that Cx43 MP diffuses into the intercellular cleft where they are able to bind 

to hemichannels and prevent their assembly into gap junctions (Wang et al., 2007), or may 

uncouple existing gap junctions (Evans et al., 2006). A Cx gap junction plaque typically 

consists of a highly-ordered hexagonal array of up to several hundred docked 

hemichannels but it would be difficult to see the coupling of individual hemichannels due 

to their small size. . During the life cycle of a Cx43 gap junction plaque, new hemichannels 

are continuously recruited to the cell membrane where they are added to the edge of the 

existing aggregate, whilst older paired connexons are removed from the centre of the 

plaque as annular gap junctions and internalised (Gaietta et al., 2002; Lauf et al., 2002). 

Each cycle lasts for a few hours only as Cx43 protein is rapidly turned over with a half-life 

as short as 1.5-3 h (Laird, 2006).  

As for all peptides composed of natural amino acids, it is important to realize that MP 

might be unstable and degraded upon prolonged cellular incubations, thereby losing their 

activity (Ponsaerts et al., 2010). According to results obtained in Chapter 2, the half-life of 

native Cx43 MP in bovine vitreous was about 2 h, predicting that Cx43 MP may be 

completely degraded within 14 h. This time frame is sufficient to block Cx43 

hemichannels in the cells within the first few hours of incubation. This could explain why 

there was no difference in the level of gap junction plaque labelling in the Cx43 MP 

treatment group after 8 (Figure 3-4C and D) and 24 h (Figure 3-4E and F) compared to the 

control (Figure 3-4A and B) as native Cx43 MP would have been completely degraded at 

that time point and old Cx43 hemichannels would have been continuously replaced by new 

ones. Thus, at 8 h the effect of blocking hemichannels was much smaller than the effect of 

new Cx43 gap junction formation. At 24 h the level of Cx43 expression was back to 

normal as the effect of initially active Cx43 MP was completely gone due to the relatively 

fast Cx43 turnover and thus formation of new gap junction plaques. On the contrary, there 

was a progressive reduction in the expression of Cx43 plaques for both Cx43 MP loaded 

Mps and Nps groups following prolonged incubation of up to 24 h (Figure 3-4G to N), 

although no significantly different effect was apparent between the two groups. It seemed 

that both particles protected the Cx43 MP from degradation over 24 h. This observation 

could be explained by the slow release of Cx43 MP from the particles, resulting in minimal 

Cx43 MP release within 8 h, thus no obvious reduction in Cx43 expression was seen at that 

time point. However, after 24 h a greater concentration of Cx43 MP had been released 
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correlating with increased hemichannel blockage and reduced gap junction plaque labelling. 

When new hemichannels were continuously blocked by Cx43 MP they lost their ability to 

dock, therefore resulting in a decrease in the number of labelled gap junction plaques.      

When using higher Mps and Nps concentrations (20 µM) in preliminary studies a potential 

cytotoxicity in the form of vacuole formation was seen after 24 h of incubation. (Figure 3-

5), although no such observation was seen at 8 h or for native Cx43 MP at both time points. 

Cytoplasmic vacuolation occurs due to uptake of small particles such as Mps and Nps. A 

similar morphological phenomenon has been observed by other researchers which showed 

that cells form vacuoles after long-term culture with gold Nps (Abdelhalim & Jarrar, 2011). 

The main pathway of PLGA Nps uptake by cells seems to be a time-dependant, active 

transport and suggests that endocytosis may be the key mechanism of internalisation 

(Cartiera et al., 2009; Chen et al., 2011a). Increasing the concentration of Mps and Nps 

and prolonging the incubation time resulted in increased cytoplasmic vacuole formation 

and thus increased cytotoxicity.  

  

Figure 3-5.  An example of cytoplasmic vacuole formation (arrow) in ARPE-19 cells after 24 h of 

incubation with 20 µM FITC-labelled Cx43 MP loaded PLGA Nps. Merged image of nuclei 

stained with DAPI (blue), FITC-labelled Cx43 MP loaded PLGA Nps (green) and Cx43 (red). 

(Scale bar = 25 µm) 
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In general, Cx43 MP hemichannel functionality can be investigated by dye uptake and 

ATP release or by monitoring electrophysiological recordings of hemichannels using a 

classical patch-clamp approach. All of these studies involve only short periods of 

incubation with peptides (normally less than 30 min), however, in the present study Cx43 

MP required a certain period of time to be released from Mps and Nps, therefore we 

employed longer time points and immunocytochemistry to evaluate the functionality of 

Cx43 MP loaded into Mps and Nps. Due to technical limitations mainly optical resolution, 

fluorescent labelling can only represent gap junctions/plaques rather than individual 

hemichannels. In addition, the turn-over rate of gap junctions may also affect the results. 

Therefore, performing further experiments at different time points and investigating the 

exact disassembly rate of gap junctions is required to draw a clear conclusion. Overall 

though, Mps and Nps seemed to protect the Cx43 MP from degradation until released.  

Biodegradable Mps and Nps have been widely used for vitreoretinal drug delivery in many 

animal models (Herrero-Vanrell & Refojo, 2001). When compared to solid implants, 

PLGA Mps and Nps have the advantage of being easily injected into the vitreous cavity 

through a small gauge needle. After injection, most Mps remain trapped in the vitreous 

while Nps may migrate to the posterior chamber due to their smaller size (Xu et al., 2013). 

Toxicological studies with PLGA materials suggest that local tissue reactions at the site of 

application may occur (Dailey et al., 2006; Marano et al., 2004), although these reactions 

are usually gentle and PLGA has been shown to be extremely safe. However, unique 

considerations may arise when using nanoscale systems and several studies have suggested 

that Nps of any material may create a specific biodistribution and toxicological profile 

depending on the application site (Marano et al., 2005). Although the in vitro cell culture 

results obtained in this chapter may not represent the conditions in vivo, the high 

entrapment efficiency and stability of Cx43 MP achieved by encapsulation into Mps and 

Nps reduce the total amount of particles required, thus reducing the overall risk of potential 

cytotoxicity. 
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3.5.   Conclusion 

The solvent evaporation technique described in this chapter was a suitable method for 

encapsulation of Cx43 MP. PLGA Mps and Nps were successfully synthesised with 

narrow size ranges and with high peptide loading efficiency. SEM revealed that Mps and 

Nps were spherical and possessed a smooth surface. In vitro release profiles of Cx43 MP 

exhibited a triphasic pattern: 1) an initial burst release of Cx43 MP adsorbed onto the 

surface and into superficial pores of particles, which relates well to the different surface-to-

volume ratio of Mps and Nps; 2) a diffusion-controlled delayed release of Cx43 MP 

embedded in deeper polymer pores together with PLGA erosion and 3) final drug release 

due to complete physical breakdown of particle shells. Controlling the particle size by 

modifying PLGA and PVA concentrations may therefore regulate Cx43 MP release over a 

period of up to four months, which could reduce injection frequency.  

This is the first report on the long-term effects of Cx43 MP on hemichannel blocking, 

showing that native Cx43 MP may lose its integrity after prolonged incubation with ARPE-

19 cells. This suggests that native Cx43 MP is a suitable therapeutic agent for short-term 

use and relatively safe for clinical application due to its fast degradation. This study is also 

the first experiment to demonstrate the effect on incubation of Cx43 MP Mps and Nps with 

cells for long periods. The increased stability of Cx43 MP encapsulated into PLGA Mps 

and Nps makes the particles attractive tools for the treatment of chronic ocular conditions. 

Due to the physicochemical properties of the Mps and Nps, these particles are suitable for 

intraocular injection and thus show great potential for successful intravitreal delivery of 

Cx43 MP in the treatment of retinal and choroidal inflammatory conditions. 

In order to evaluate the in vivo efficacy of chemically modified Cx43 MP and Cx43 MP 

loaded Mps and Nps and optimise the these formulations for clinical use, the next chapter 

will investigate the ability of intravitreally applied Cx43 MP formulations to reduce vessel 

leak and promote RGC survival in a retinal ischaemia-reperfusion rat model. 
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IN VIVO EVALUATION OF 

INTRAVITREALLY DELIVERED 

CX43 MP IN A RETINAL ISCHAEMIA 

REPERFUSION RAT MODEL
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4.1.   Introduction 

Glaucoma is the second leading cause of blindness, affecting approximately 60.5 million 

people worldwide (Quigley & Broman, 2006). The main pathway of glaucoma starts with 

the death of retinal ganglion cells (RGC) caused by raised intraocular pressure (IOP) and 

results in degeneration of the optic nerve (optic neuropathy). Effective intervention to 

prevent vision loss from glaucoma is difficult, as the exact causal mechanisms are not fully 

understood and many patients do not respond to treatments currently available. The present 

mainstream treatment for glaucoma is reducing the IOP by increasing aqueous humor 

outflow and/or decreasing aqueous humor production. However, each of these may have 

local and systemic side effects. Although clinical studies have demonstrated that a decrease 

in IOP may be associated with the reduction of retinal damage, there is a continuance of 

visual field loss in some individuals (VanVeldhuisen et al., 2000). For these patients, 

neuroprotection has been proposed as a possible therapeutic option that focuses on 

promoting survival of RGC, rather than addressing often unknown underlying causes of 

glaucoma (Levin, 2003). Over the last years, neuroprotection has emerged as a novel tool 

to prevent apoptosis of neurons in order to maintain retinal function and preserve vision. 

Neuroprotection is a therapeutic theory achieved at protecting or preventing apoptosis of 

neurons to maintain physiological function. At present, several pharmacological 

approaches to RGC neuroprotection are being investigated. These include RGC 

excitotoxicity reduction agents (NMDA receptor antagonists (Lipton, 2003) and glutamate 

release inhibitors (Goldenberg-Cohen et al., 2009)), neurotrophic factors (CNTF (Ji et al., 

2004; Müller et al., 2007) and BDNF (Parrilla-Reverter et al., 2009)), apoptosis pathway 

inhibitors (caspase (Citron et al., 2008)) and gap junction channel blockers (Danesh-Meyer 

et al., 2012). 

The retina is one of the most metabolically demanding tissues in the body. When the 

retinal circulation does not meet the requirements of the tissue, for example due to blocked 

capillary flow by raised IOP, the retina suffers an ischaemic insult. Retinal ischaemia is a 

common clinical condition and remains a frequent cause of visual impairment and 

blindness due to the lack of effective treatment. Ischaemic syndromes are generally 

characterised by poor homeostatic responses which induce injury to the tissue causing cell 
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loss by apoptosis. In this respect, retinal ischaemia is a primary cause of neuronal death. 

Cx43 hemichannels can open under ischaemic conditions to allow the release of molecules 

such as NAD
+
, ATP, glutamate, prostaglandin E2 and glutathione from injured RGC 

(Cherian et al., 2005; Rana & Dringen, 2007; Rouach et al., 2002). This results in spread 

of the injury due to a direct link between the cytoplasm and the extracellular environment 

and leads to further cell death. It can be considered a reasonably final step in retinal 

diseases, resulting in permanent morphological and functional changes.  

Recent research has shown that intraperitoneal delivery of a Cx43 MP that blocks 

hemichannel opening after retinal ischaemia enhances RGC survival by reducing 

endothelial cell loss, inflammation and lesion spread (Danesh-Meyer et al., 2012). 

However, there is a potential for off target effects, while targeting also depends upon initial 

vascular haemorrhage. Moreover, the highly hydrophilic properties and poor stability of 

native Cx43 MP limit efficient delivery in the clinical setting. Our previous work has 

shown that chemically modified Cx43 MP by conjugation of two C12 lipoamino acid 

groups to the N-terminus increased the half-life in bovine vitreous more than two-fold 

(Chen et al., 2013c). Moreover, Cx43 MP loaded PLGA Mps and Nps displayed in vitro 

sustained release of the peptide for up to 112 and 63 days, respectively (Chen et al., 2013b).  

A lot of research related to retinal ischaemia has been published over the last ten years with 

different in vivo experimental models providing their own advantages on understanding 

human pathophysiology of ischaemia-related diseases. Retinal ischaemia has been 

achieved by clamping the ocular perfusion pressure in the left eye to 5 mmHg for a few 

hours (Kyhn et al., 2009). Different approaches to induce retinal ischaemia through the 

modulation of retinal blood flow have also been used. For example, the occlusion of small 

retinal arteriolar branches by argon laser coagulation to induce focal ischaemic insults and 

an intravenous injection of Rose Bengal dye followed by argon green laser application to 

the retinal arteries overlying the optic nerve, which causes a coagulopathy within the blood 

vessels and disruption of the optic nerve (Danylkova et al., 2007; Goldenberg-Cohen et al., 

2005). In addition, acute and transient ischaemia can be induced by elevating the IOP to 

120 mmHg for 60 min followed by a reperfusion (“return-to-control” conditions) period 

lasting at least 2 h. This is called ischaemia-reperfusion injury, which causes an 
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inflammatory and neurodegenerative response in the intact retina (Sun et al., 2007). 

Recently, it has been reported that retinal ischaemia induced by elevated IOP mostly 

affects Müller glial cells, whereas retinal ischaemia induced by middle cerebral artery 

occlusion induces only a small scale axonal transport disturbance (Lee et al., 2011). In the 

present study, an ischaemia-reperfusion model was considered a suitable and reliable 

experimental setting to study blood vessel leakage and RGC apoptosis. 

4.2.   Objectives 

This chapter investigated the ability of intravitreally injected C12-C12-Cx43 MP and Cx43 

MP containing Mps and Nps to promote RGC survival in a retinal ischaemia-reperfusion 

rat model by quantifying vessel leak, Cx43 levels and RGC counts.  

4.3.   Materials and methods 

4.3.1.   Cx43 MP formulations  

Chemically modified and native Cx43 MP (VDCFLSRPTEKT) were synthesised using 

SPPS and characterised as described previously (Chapter 2). PLGA Mps and Nps 

containing Cx43 MP were prepared using the double emulsion solvent evaporation method 

and were characterised for morphology, size, zeta potential and in vitro release (Chapter 3). 

4.3.2.   In vivo ischaemia-reperfusion rat model 

All procedures were compliant with the ARVO Statement of the Use of Animals in 

Ophthalmic and Vision Research and were approved by the Animal Ethics Committee at 

the University of Auckland (ethics number: R851). A total of 121 adult male Wistar rats 

weighing 200–300 g obtained from the Vernon Janson Unit at the University of Auckland 

were used in this study. Rats were housed under a 12-h light/dark cycle and received food 

and water ad libitum. Animals were grouped according to housing time periods after 

reperfusion and formulations applied (Table 4-1).  



Chapter Four – In vivo evaluation of intravitreally delivered Cx43 MP 

118 

 

Rats were anaesthetised with an intramuscular injection (0.1 ml/100 g body weight) of 

Ketamine (100 mg/ml; Parnell Laboratories, Auckland, New Zealand) and Domitor 

(metadomidine hydrochloride 1 mg/ml; Novartis Animal Health, Sydney, Australia) with a 

ratio of 6:4. A topical anaesthetic (Minims Oxybuprocaine hydrochloride 0.4% w/v; 

Bausch & Lomb, Surrey, UK) was applied to the left eye to remove the corneal reflex prior 

to cannulation, while Refresh Tear Plus eye drops (Allergan, Auckland, New Zealand) were 

administered to the right eye (control) to prevent it from drying. Rats were positioned on a 

platform with the skull lengthwise parallel to the needle and cannulation was carried out 

using a stereotactic manipulator arm to avoid injury to the corneal endothelium, iris and 

lens. Retinal ischaemia was achieved by cannulating the anterior chamber with a 30G 

needle inserted into the anterior chamber of the left eye approximately 1 mm anterior to the 

limbus (Figure 4-1a). The needle connected to silicone tubing was attached to an elevated 

infusion line of sterile 0.9% physiological saline, with the height of the saline bag 

calibrated to produce 120 mmHg (Figure 4-1b). The intraocular pressure was raised to 120 

mmHg in line with previous studies (Buchi et al., 1991; Sun et al., 2007) and rats were 

covered with medical pads to prevent body temperature loss. This state was maintained for 1 

h followed by removal of the cannula, causing normalisation of the IOP and reperfusion of 

the retina. If any ocular complications such as ocular lens damage or excessive 

haemorrhage occurred as a result of the injection the animal was excluded from the study. 
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Table 4-1.  Experimental design with the number of animals used in each group.  

 
*Cx43MP, connexin43 mimetic peptide; Mps, microparticles; Nps, nanoparticles, GFAP, glial 

fibrillary acidic protein; brain-specific homeobox/POU domain protein 3A 

 
 

Study arm Number of eyes for each time period of housing post-elevated IOP and 

intravitreal injection 

4 h 8 h 28 d 90 d Total 

Control 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

6 (Evans 

blue) 

1h Ischaemia + 

Saline injection 

(vehicle control)  

5 (Evans 

blue) 

 

6 (GFAP
 
& 

Cx43) 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

- 

- 

- 

12 (GFAP & 

Cx43) 

6 (Brn3a) 

5 (Evan‟s 

blue) 

1h Ischaemia + 

Unmodified Cx43 

MP 

5 (Evans 

blue) 

 

6 (GFAP & 

Cx43) 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

- 

- 

- 

12 (GFAP & 

Cx43) 

6 (Brn3a) 

5 (Evan‟s 

blue) 

1h Ischaemia + C12-

C12 Cx43 MP  

3 (Evans 

blue) 

 

6 (GFAP & 

Cx43) 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

- 

- 

- 

12 (GFAP & 

Cx43) 

6 (Brn3a) 

3 (Evan‟s 

blue) 

1h Ischaemia + 

Cx43 MP loaded 

PLGA Nps 

- 

- 

- 

- 

- 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

- 

- 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

1h Ischaemia + 

Cx43 MP loaded 

PLGA Mps 

- 

- 

- 

- 

- 

- 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

6 (GFAP & 

Cx43) 

6 (Brn3a) 

12 (GFAP & 

Cx43) 

12 (Brn3a) 
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Figure 4-1. Retinal ischaemia-reperfusion set up. 

(a) The needle was parallel inserted into the 

anterior chamber of the left eye approximately 1 

mm anterior to the limbus; (b) the intraocular 

pressure of the cannulated eye was raised to 120 

mmHg for 60 min by elevating the saline 

reservoir.  

 

 

4.3.2.1.   Intravitreal injection of Cx43 MP formulations  

Intravitreal injection was performed immediately following ischaemia-reperfusion. A 

Hamilton syringe (Model 701 LT SYR, Hamilton Company, Reno, NV, USA) with a 30G 

needle was inserted posterior to the limbus in the superior retina at a 45˚ angle to avoid 

contact with the lens capsule and to direct the contents into the vitreous chamber. Each rat 

received 2 µl of 580 µM Cx43 MP diluted in 0.9% saline. A final peptide concentration of 

20 µM was intended, assuming a vitreous volume of 50 µl. Maxitrol (Alcon, Auckland, 

New Zealand) eye drops were applied topically after injection to prevent any infections. A 

volume of 0.1 ml/100 g body weight of Antisedan (atipamezole 5 mg/mL, Pfizer, Auckland, 

New Zealand) in saline (1:9) was then injected subcutaneously to allow the animal to 

recover.
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4.3.2.2.   Preparation of retinal whole mounts 

After various time periods after reperfusion and intravitreal injection (Table 4-1), rats were 

euthanized with CO2 and eyes were enucleated. The posterior segment of the eye was 

carefully removed after cutting along the corneal-sclera limbus junction. The remaining 

retina, sclera and optic nerve were then fixed for 1h in 4% PFA in 0.01 M PBS. A small 

cut was made to mark the superior quadrants and four radial cuts were made around the 

circumference to divide the superior, inferior, temporal, and nasal retinal quadrants and 

allow flat mounting (Figure 4-3). The optic nerve and sclera were then gently detached and 

the free retina was flattened and mounted carefully onto SuperFrost Plus slides (Menzel-

Gläser, Braunschweig, Germany).    

 

4.3.3.   Vessel leak and immunohistochemistry 

4.3.3.1.   Blood vessel leak  

To assess retinal vessel leak, a contrast agent was injected intra-peritoneally. Evans blue 

(Sigma Aldrich, Auckland, New Zealand) is an azo dye which has been widely used to 

study blood vessel and cellular membrane permeability as it is non-toxic and has a very 

high affinity for serum albumin, which it uses as its transporter molecule. Evans blue dye 

solution was prepared at 100 mg/ml diluted with 0.9% sterile saline and filtered through a 

0.22 µm filter prior to administration. Briefly, after 4 h of reperfusion, Evans blue solution 

(0.8 ml/100g animal body weight) was injected into the peritoneal space using a 26G 

needle. Animals were rested for 10 min to allow absorption and circulation of the dye 

through the body prior to euthanasia by asphyxiation.  
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4.3.3.2.   Cx43 and GFAP labelling    

Immunohistochemical techniques were utilised to investigate the effects of ischaemia-

reperfusion on Cx43 and glial fibrillary acidic protein (GFAP) expression. After 8 h, 28 

and 90 d of reperfusion, retinas (n=6 for each group) were permeabilized with 0.5% Triton 

X-100 (Sigma, Auckland, New Zealand) in PBS for 15 min at -80 °C, rinsed with 0.5% 

Triton X-100 once and then stored in 2% Triton X-100 overnight at 4 °C.  

A rabbit anti-Cx43 (C6219, Sigma Aldrich, 1:2000) and mouse anti-GFAP conjugated to 

Cy3 (C9205, Sigma Aldrich, 1:1000) primary antibody in 10% normal goat serum (Gibco, 

Auckland, New Zealand) and 2% Triton X-100 were applied to co-label Cx43, astrocytes 

and Müller cells and were incubated overnight at 4 °C. Tissues were washed with PBS 

three times for 15 min. A goat anti-rabbit Alexa488 secondary antibody (A11034, 

Invitrogen, 1:1000) in 10% normal goat serum to label Cx43 was applied for 2 h in the 

dark at room temperature. After further washing with PBS, retinas were mounted using 

Citifluor mounting medium (AF1, Proscitech, Sydney, Australia) and stored at 4 °C until 

imaged. 

4.3.3.3.   Retinal Ganglion Cell labelling 

After 28 and 90 d of reperfusion (n=6 for each group), surviving RGC were labelled by 

applying a goat anti-Brn3a primary antibody (SC-31984, Santa-Cruz Biotechnology, 1:100) 

in 2% horse serum (Gibco, Auckland, New Zealand) and 2% Triton X-100 in PBS onto the 

whole mounts and incubating them overnight at 4 °C. Tissues were washed with PBS three 

times for 15 min. A donkey anti-goat Cy3-tagged secondary antibody (705-165-147, 

Jackson Immuno Research, 1:500) in 2% horse serum was applied for 2 h in the dark at 

room temperature. After further washing with PBS, retinas were mounted using Citifluor 

mounting medium (AF1, Proscitech, Sydney, Australia) and stored at 4 °C until imaged. 
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4.3.3.4.   Confocal imaging and quantification 

Immunolabelling was visualised with a confocal laser scanning microscope (FV1000, 

Olympus, Tokyo, Japan) and two fields per quadrant of each retina were imaged giving a 

total of eight images per retina (Figure 4-3). This method insured that similar locations 

were assessed in each eye and avoided any possible area prejudice present in the retina. For 

dye leak imaging, a 10x objective lens with 559 nm excitation was used and emission was 

viewed using a 575 to 675 nm band filter. Dye leak was consistently spherical or ovoid in 

shape and the area of dye leak was quantified using the drawing tool in ImageJ (Figure 4-2) 

and measured using the following equation:  

  

 

 

                        

 

Figure 4-2.  Schematic diagram of vessel 

leak quantification, where r1 and r2 are dye 

leak radii along the x and y axes. 

The total accumulated dye leak from vessels in each retina was calculated as the sum of 

individual dye leak areas in each field and an average dye leak area for each group of 

animals was determined.   

Cx43 and GFAP labelling was imaged using a 60x oil immersion objective lens, while 

RGC were imaged with a 10x objective lens. Gain (voltage) and offset settings were 

adjusted to best discriminate individual labelling and to avoid oversaturation of the image. 

Quantification was performed using automated spot counts in ImageJ. For Cx43 

quantification, each image was converted to a binary image using a threshold of 13. Spots 

fewer than 2 pixel
2
 were considered as noise and not counted. A particle count was then 

performed to determine the Cx43 spot count per image. For RGC quantification each 
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image was converted to a binary image using a threshold of 23. To separate clusters the 

watershed algorithm was applied. Spots of fewer than 20 pixel
2
 were determined to be 

noise and were excluded from particle counts. RGC density was calculated as the number 

of RGC per mm
2
.  Six retinas were used per group with eight images were taken per retina. 

 

Figure 4-3.  Schematic diagram of retinal whole mount flattened on a slide with squares 

representing the eight areas imaged for each slide.  

4.3.4.   Statistical analysis 

Results were expressed as mean values with a standard deviation (SD). Analysis of 

variance (one-way ANOVA) with Tukey-Kramer Comparisons was used to test for 

significant differences (p<0.05) between groups. All data analysis was carried out using 

Minitab® statistical software version 15 (Minitab Inc., State College, PA, USA).  
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4.4.   Results and discussion 

4.4.1.   Blood vessel leak  

Four hours after ischaemia-reperfusion vascular leak in retinal vessels was extensive with 

marked changes in vascular morphology, including discontinuity of structure, vascular 

tortuosity and decreased vessel length (evidence of fragmentation). Confocal microscope 

images from each experiment showed varying levels of dye leak which indicated vascular 

disruption (Figure 4-4).  

 

 

 Figure 4-4. Confocal microscope images of flat mounted retinas displaying Evans blue dye leak. (A) 

Blood vessels from an uninjured animal with clear vessel morphology and no leakage into the 

extracellular space; (B) Blood vessels from an animal receiving retinal ischaemia-reperfusion 

without treatment showing vascular disruption (long arrow) and truncated vessels (short arrow) 

with only big vessels visible due to dye diffusion; (C) Retinal vessels after ischaemia-reperfusion 

with Cx43 MP treatment showing limited vascular leak (long arrow) and a few discontinuous (short 

arrow) vessels; (D) Blood vessels from an animal treated with C12-C12-Cx43 MP showing clear 

vessel morphology with few truncated vessels (short arrow) (D). Scale bar = 100 µm.   
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Uninjured retinas (Figure 4-4A) did not exhibit any dye leak from the retinal vasculature 

(except for a few patches due to tissue processing damage), and vessels were clearly 

delineated by the dye within them. The dye leak in injured retinas but with no treatment 

Figure 4-4B) was significant compared to uninjured controls (Figure 4-4A). Cx43 MP 

Figure 4-4C) and C12-C12-Cx43 MP (Figure 4-4D) treatment groups showed a reduction in 

dye leak and blood vessel wall integrity was maintained with branching and segment 

length similar to base line (uninjured retinas). Due to their slow release characteristics 

(Chen et al., 2013b), Cx43 MP loaded Mps and Nps would have little effect on vessel leak 

within a 4 h period and were therefore not included in this part of the study. 

 

Figure 4-5.  Cx43 MP treatment significantly reduced the total accumulated area of dye leak 

from blood vessels compared to no treatment at 4 h after retinal ischaemia-reperfusion injury. 

Stars denote statistical significance when compared to the ischaemia only group (n = 5, mean ± 

SEM, **p<0.01, *p<0.05). 

 

Quantification of dye leak 4 h post ischaemia-reperfusion (Figure 4-5) showed that the 

total accumulated area for the non-treatment group (31,814 ± 9,728 µm²) was significantly 

(p<0.01) greater than in uninjured retinas (2,073 ± 1,464 µm²). In contrast, intravitreal 

injection of Cx43 MP and C12-C12-Cx43 MP significantly (p<0.05) reduced the total 
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accumulated area of leaked dye (9,921 ± 2,809 µm² and 6,726 ± 1,785 µm², respectively) 

compared to injured retinas with no treatment. Although, the total accumulated area of dye 

leak after Cx43 MP and C12-C12-Cx43 MP treatment was still elevated compared to control 

eyes, it reached only 31 and 21% of that in the untreated ischaemic retinas, respectively. 

Gap junctions play a multifaceted role in the vasculature that is essential in the control of 

its development and function (Figueroa & Duling, 2009).  It has been suggested that 

smooth muscle and endothelial cells are electrically and metabolically connected via gap 

junctions which may mediate vasodilation and vasoconstriction, and coordinate neural and 

endothelial signals across and along the vessel wall (Christ et al., 1996). Cx43 is the 

predominant gap junction protein expressed on vascular smooth muscle cells and 

endothelial cells of blood vessels, as well as epithelial cells in the human retina and optic 

nerve (Kerr et al., 2010). Interruption of blood supply leads to severe reduction in cellular 

energy which results in impaired ion homeostasis, rapid cell membrane depolarisation and 

a large influx of calcium ions (Frantseva et al., 2002b). Following 8 to 10 min of ischaemia 

the intracellular sodium and calcium concentrations start to increase (Ylitalo et al., 2000). 

In addition, Fenghua Li et al. (2001) showed that during simulated ischaemia in rabbit 

ventricular cardiomyocytes opening of Cx43 hemichannels contributed to the elevation of 

the intracellular sodium and calcium concentrations, which induced the activation of 

excitotoxic glutamatergic transmission. A review of the literature suggests that bystander 

cell death plays a predominant role in models of prolonged ischaemia and traumatic brain 

injury (Frantseva et al., 2002a) with uncontrolled opening of Cx43 hemichannels being an 

important factor during this process (Contreras et al., 2002). As a consequence, 

proapoptotic agents can diffuse from dying to otherwise viable cells in the periphery of the 

lesion by opening of Cx43 hemichannels and further induce irreversible tissue injury.  

It is well recognized that the retina, like the brain and spinal cord, responds to ischaemia-

reperfusion with both neurodegeneration and increased vascular permeability (Abcouwer et 

al., 2010; Zheng et al., 2007). An increase of Cx43 in the walls of small blood vessels has 

been connected to vascular leakage and extravasation of blood-borne neutrophils within 6 

h of a traumatic spinal cord injury (Cronin et al., 2008). Inhibition of Cx43 upregulation 

using an antisense oligodeoxynucleotide significantly reduced the leak of labelled bovine 
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serum albumin and invasion of neutrophils from the blood to the injury site (Cronin et al., 

2008). 

In glaucoma there is slow chronic damage that correlates with elevated intraocular pressure. 

Such elevated intraocular pressures are unlikely to result in perfusion block, but could 

nonetheless lead to some tissue ischaemia. We have utilised an ischaemia-reperfusion 

model, which causes acute damage and subsequent oxidative stress and inflammation, but 

which we believe still has relevance in understanding the pathways and potential 

treatments of optic neuropathies. Significant vascular leakage occurred following 

ischaemia-reperfusion, with the ischaemic processes triggering upregulation of Cx43 and 

opening of hemichannels. Endothelial cells were thus no longer able to osmoregulate, 

leading to cell rupture and permeability of the vasculature (Danesh-Meyer et al., 2012; 

Krueger M et al., 2013). This data is in accordance with previous observations (Abcouwer 

et al., 2010; Danesh-Meyer et al., 2012; Sáez, 2008), suggesting a mechanism by which 

hemichannels may serve as a novel therapeutic target for ischaemic injury. Danesh-Meyer 

et al. (2012) showed extravascular dye leakage within 1 h of reperfusion, which peaked at 

4 h post ischaemia and continued for at least 24 h. Intra-peritoneally delivered Cx43 MP 

significantly reduced the total accumulated area of dye leak. However, systemically 

delivered Cx43 MP is more difficult to target to the site of injury and may potentially have 

off target effects as the concentration of Cx43 MP used in systemic delivery needs to be 

higher than might be required for local use. Therefore, our present study focused on 

optimising intravitreal Cx43 MP delivery. Overall, our results revealed that intravitreal 

injection of Cx43 MP may be an effective means to treat optic neuropathies. The enhanced 

ability of the C12-C12 modified MP to reduce vascular leak in comparison to the 

unmodified peptide is most likely due to its increased stability and lipophilicity with the 

half-life of the modified peptide in bovine vitreous more than doubled (Chen et al., 2013c). 

Increased stability would result in Cx43 hemichannel block for an extended period, 

enhancing the effects as the inflammatory period can be sustained (Chew et al., 2011). 

Moreover, increased lipophilicity due to the C12-C12 modification would improve tissue 

permeation and thus achieve higher concentrations at the site of injury.  
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4.4.2.   Cx43 and GFAP labelling

Qualitative changes in Cx43 and GFAP expression in association with retinal capillaries 

were observed following retinal ischaemia (Figure 4-6). Eight hours after reperfusion, 

Cx43 was significantly upregulated and mainly co-localized with GFAP positive astrocytes 

(GFAP also labels Müller cells) (Figure 4-6B) and continued to increase for up to 28 d 

after ischaemia-reperfusion (Figure 4-6C). Images showed astrocytes wrapped around 

vessels with foot processes onto endothelial cells and blood vessels clearly outlined by 

GFAP labelled astrocytic processes. In the ischaemic regions there was marked 

astrocytosis with astrocytic foot processes losing their normal organised appearance. 

Intravitreal injection of native Cx43 MP resulted in significantly reduced Cx43 

upregulation after 8 h (Figure 4-6D) although this effect was less pronounced after 28 d 

(Figure 4-6E). GFAP expression was unchanged at 8 h compared to uninjured controls but 

at 28 d astrocytes appeared to extend their processes and proliferate into the periaxonal 

area. Compared to Cx43 MP treatment where the effects faded by 28 d, C12-C12-Cx43 MP 

exhibited prolonged results with similar levels of Cx43 and GFAP at both 8 h (Figure 4-6F) 

and 28 d (Figure 4-6G) compared to the uninjured control (Figure 4-6A). In comparison to 

the modified C12-C12-Cx43 MP, both the Cx43 MP loaded Nps and Mps resulted in active 

astrocytosis and upregulated Cx43. Interesting results were found for the Nps treatment 

group which displayed increased GFAP (astrocytosis) but limited Cx43 upregulation at 28 

d post-injury (Figure 4-6H). Mps showed similar results at 28 (Figure 4-6I) and 90 d 

(Figure 4-6J) following ischaemia-reperfusion with both Cx43 and GFAP upregulated. 

Since Cx43 MP release from Nps and Mps was slow, 8 h evaluations for Nps and Mps 

groups were not included.   

The Cx43 primary antibody used in the study corresponds to the C-terminal segment of the 

cytoplasmic domain (amino acids 363-382) of human/rat Cx43, which is involved in 

regulation of connexin trafficking and channel gating (Sosinsky et al., 2007). It is worth 

noting that the green spots represent Cx43 gap junction plaques rather than individual 

hemichannels. Our Cx43 MP does not only block hemichannel opening but also prevents 

gap junction formation by binding to extracellular loop of Cx43, hence Cx43 spots are able 

to symbolise the effects on hemichannel blocking. 
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Figure 4-6.  Representative confocal microscope images of flat mounted retinas labelled for 

GFAP (red) and Cx43 (green). Eight hours after ischaemia-reperfusion, Cx43 and GFAP were 

significantly upregulated in the untreated group (B) and continued to increase for up to 28 d 

injury (C). Intravitreal injection of native Cx43 MP resulted in significantly reduced Cx43 

upregulation after 8 h (D) but this effect was less pronounced after 28 d (E). C12-C12-Cx43 MP 

exhibited prolonged effects with similar levels of Cx43 and GFAP at both 8 h (F) and 28 d (G) 

compared to the uninjured control (A). The Nps-Cx43 MP treatment group displayed increased 

GFAP but limited Cx43 upregulation at the 28 d post-injury (H), while Mps-Cx43 MP showed 

similar Cx43 and GFAP levels at 28 (I) and 90 d (J) following ischaemia-reperfusion. Scale bar = 

50 µm.   
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Figure 4-7.  Cx43 spot counts in uninjured and ischaemic retinas. (A) Average Cx43 spot count 

density in uninjured control retinas and following ischaemia-reperfusion without and with 

treatment. (B) Stars denote statistical significance between each group (n = 6, mean ± SD, ** 

p<0.01, * p<0.05). 

A 

B 
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Cx43 spot density (spots/mm
2
) in the ischaemic eyes, correlating with astrocytosis, was 

quantified (Figure 4-7) and revealed that retinal Cx43 spots were significantly increased 

(p<0.01) at 8 h (68,779 ± 7,571) and 28 d (74,279 ± 11,849) after ischaemia-reperfusion 

compared to uninjured retinas (30,332 ± 2,141). Treatment with native Cx43 MP resulted 

in significantly reduced Cx43 spot density to 38,852±9,356 at 8 h and 47,777 ± 22,453 at 

28 d (p<0.01). The C12-C12 modified peptide, however, displayed the greatest effect with 

Cx43 densities down to 24,819 ± 8,658 at 8 h and a slight increase to 34,794 ± 5,956 after 

28 d, with no significant difference compared to the uninjured control. Nps loaded with 

Cx43 MP were able to limit Cx43 upregulation after 28 d (36,269 ± 7,255), while Mps-

Cx43 MP only mildly reduced Cx43 activation after 28 d (56,425 ± 13,997) and 90 d 

(48,791 ± 15,343). Although there was a trend towards suppression of Cx43 upregulation 

in the Mps-Cx43 MP treated group, this was not statistically significant with the sample 

size used in this study. 

Astrocytes are the main glial cell type in the non-myelinated optic nerve in most mammals.  

From a functional point of view, astrocytes have been long considered as “nursing cells” 

capable of maintaining the extracellular pH and ionic homeostasis in the periaxonal space 

(Magistretti, 2006). They also provide support for cellular functions to the axons while 

interfacing between connective tissue surfaces and surrounding blood vessels. There is  

growing evidence suggesting that astrocytes have a much broader role than only supporting 

the neurons in the brain, as they have specialised functions to induce and adjust the blood 

brain barrier (BBB), protect neurons against neurotransmitter excess, promote synaptic 

plasticity, coordinate neuronal activity via direct communication with neurons and serve as 

neural stem cells in the adult brain (Sofroniew & Vinters, 2010). Within a few hours of 

brain injury, surviving astrocytes in the affected region begin to exhibit hypertrophy and 

proliferation, termed reactive astrogliosis (Geddes et al., 1996; Ridet et al., 1997). This 

response is enhanced by the migration of microglia and macrophages to the damaged areas. 

Reactive astrocytes increase the expression of their structural proteins, GFAP and vimentin 

(Sofroniew & Vinters, 2010). Hernandez et al. (2008) showed that astrocytes are the cells 

responsible for many pathological changes in the glaucomatous optic nerve head. The cell 

processes of astrocytes are connected to each other via connexin type hemichannels and 

gap junction channels (Rose & Ransom, 1997) forming a functional  syncytium that allows 
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astrocytes to communicate and maintain control of the metabolic homeostasis. Lin et al. 

(1998) indicated that gap junction communication may amplify ischaemic damage by 

providing a conduit for the propagation of proapoptotic death signals between dying and 

viable astrocytes. 

Cx43 can also mediate vascular permeability through mechanisms independent of gap 

junction coupling. Cx43 hemichannels, for example, can open under ischaemic conditions 

to form a direct link between the cytoplasm and the extracellular environment, inducing 

metabolic inhibition and membrane depolarisation (Rouach et al., 2002). The opening of 

hemichannels allows the release of molecules such as NAD
+
, ATP, glutamate, 

prostaglandin E2, and glutathione, providing a paracrine route for intercellular 

communication which leads to further propagation of calcium waves, spreading the injury 

(Cherian et al., 2005; Evans & Martin, 2002; Rana & Dringen, 2007). In addition, 

astrocytes stimulated by ischaemic injury also produce many cytokines, including tumor 

necrosis factors (TNF-α, TNF-β), interleukins (IL1, IL6, IL10), interferons (IFN-α, IFN-β) 

and reactive oxygen species (ROS) (Dong & Benveniste, 2001; Feuerstein et al., 1998). 

These results are consistent with Contreras et al. (2002) who showed that increased Cx43 

hemichannel activity contributes to inflammation, vascular permeability, and subsequently 

neuronal death suggesting that they can determinate the extension of cellular injure (Kerr et 

al., 2012).  

In the retina, the glio-vascular interface formed by the vasculature surrounding each blood 

vessel along with calcium waves is closely associated with Cx43 containing plaques 

coupling adjacent astrocyte end-feet processes (Kerr et al., 2010; Kim et al., 2006; Simard 

et al., 2003). Calcium signalling in astrocytes at the blood–retinal barrier is involved in 

local blood flow regulation and metabolic trafficking (Simard et al., 2003). With injury, 

these cytosolic calcium waves may induce cytokine production and release, leading to 

further blood-retina barrier damage (Venkatesha et al., 2004). Vascular leak then appears 

to trigger a localised inflammatory response with marked astrocytosis and further 

associated Cx43 upregulation (Danesh-Meyer et al., 2012). We have found significant 

Cx43 upregulation associated with irregular GFAP expression at 8 h and 28 d after 

ischaemia-reperfusion. This is in agreement with previous studies (Chew et al., 2011), 
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showing Cx43 protein upregulation in retinal zones corresponding to optic nerve injury 

beginning at 24 h and with a second peak at 28 d, as well as in retinal stroke itself (Danesh-

Meyer et al., 2012).  

In the present study, the intravitreally delivered Cx43 MP significantly reduced Cx43 

expression after ischaemia-reperfusion which was in accordance with previous work done 

by Danesh-Meyer et al. (2012) in which Cx43 MP was delivered systemically. The C12-C12 

modified MP provided the best inhibition of inflammation (reduced astrocytosis and 

accompanying Cx43 upregulation), with its effect evident through to at least 28 d post-

injury. The improved effect on controlling Cx43 expression may be due to possible 

increased delivery efficiency of the modified peptide by enhancing stability and tissue 

permeability. Therefore, this modified MP may provide an advantage for clinical use as it 

is feasible for intravitreal injection and achieving a long-term effect on reduction of Cx43 

expression following an ischaemic insult. Although Cx43 MP loaded Nps exhibited a 

decrease in Cx43 levels at 28 d following ischaemia-reperfusion, no effect was apparent on 

GFAP expression. This might be due to insufficient Cx43 MP being released from Nps 

during the immediate acute stage after injury. However, by 28 d, in vitro release studies 

indicated that more than 80% of the peptide was released (Chapter 3) and this appears to 

have been able to block residual hemichannel opening leading to an overall reduction in 

inflammation and Cx43 expression. A similar trend was seen for Mps-Cx43 MP, although 

the even slower release expected from Mps appears to have resulted in a failure to reach 

sufficient Cx43 MP concentrations after the injury to have a marked benefit in this acute 

injury model. This remains to be confirmed. 
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4.4.3.   Retinal Ganglion Cell labelling 

Visually, the extent of RGC loss can be observed using Brn3a labelling in representative 

whole mounts following high pressure induced retinal ischaemia and reperfusion (Figure 4-

8). The normal distribution of RGC in flat whole mounts of uninjured retinas is shown in 

Figure 4-8A, where a high cell density and clearly outlined retinal vasculature were visible 

as a rough qualitative gauge of the RGC numbers. An example of the degeneration pattern 

in untreated ischaemic retinas is shown in Figure 4-8B. RGC distribution 28 d after 

ischaemia-reperfusion was significantly reduced with almost complete loss of blood vessel 

delineation. In addition, large patches devoid of RGC were noted in many areas. This 

indicates that the retina responded to the ischaemic insult with neurodegeneration 

following increased hemichannel mediated vascular permeability (Zheng et al., 2007).  
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Figure 4-8.  Confocal microscope images of flat mounted retinas with Brn3a labelled RGC 28 d 

post ischaemia-reperfusion. RGC distribution is significantly reduced with almost complete loss of 

blood vessel delineation in untreated retinas (B). Eyes treated with unmodified Cx43 MP show 

fewer patches of RGC loss (C). The distribution of RGC in the C12-C12-Cx43 MP treated group (D) 

was similar to that of uninjured retinas (A). Eyes treated with Cx43 MP loaded Nps and Mps 

showed some RGC loss (E and F, respectively). RGC distribution at 90 d (G) after ischaemia-

reperfusion in retinas receiving a single intravitreal injection of Mps-Cx43 MP was similar to that 

at 28 d (F). Scale bar = 300 µm.  

Eyes treated with unmodified Cx43 MP (Figure 4-8C) showed fewer patches of RGC loss, 

while the distribution of RGC in the C12-C12-Cx43 MP (Figure 4-8D) treated group was 

comparable to that of uninjured retinas (Figure 4-8A). Figure 4-8E and F show the RGC 

distribution at 28 d in eyes treated with Cx43 MP loaded Nps and Mps with some RGC 

loss apparent, while Figure 4-8G represents a retina at 90 d after ischaemia-reperfusion and 

receiving a single intravitreal injection of Mps. 
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Figure 4-9  RGC counts in uninjured control and ischaemic retinas without and with treatment. 

(A) Average density of RGC counts.  (B) Stars denote statistical significance between each group 

(n=6, mean ± SD, ** p<0.01, * p<0.05). 

After quantifying the RGC density (number/mm
2
), an inverse correlation with the Cx43 

counts was seen (Figure 4-9). Following ischaemia-reperfusion, RGC density was 

significantly reduced (p<0.01) at 28 d in animals without treatment (1,605 ± 100) 

compared to uninjured controls (2,283 ± 139), with only 70% of cells surviving. Animals 

treated with a single injection of Cx43 MP and C12-C12-Cx43 MP immediately following 

ischaemia-reperfusion showed significant sparing of RGC at 28 d (1,953 ± 177 (p<0.05) 

and 2,742 ± 177 (p<0.01)), respectively, compared to the untreated group. The modified 

A 

B 
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peptide showed the best rescue effect which preserved 80% of RGC at risk while native 

Cx43 MP only saved 50% of RGC. The density in the Nps-Cx43 MP group (1964 ± 194) 

illustrated a similar effect to unmodified Cx43 MP treatment, while RGC counts after Mps-

Cx43 MP treatment (1,670 ± 148 at 28 d and 1,727 ± 221 at 90 d) exhibited a trend 

towards RGC sparing but showed no significant change compared to untreated eyes.  

Even brief disruptions of blood flow can cause ischaemia and potentially result in a 

condition called an ischaemic cascade, where cells start dying owing to inadequate blood 

supply and then release toxins that damage adjacent cells, causing them to break and 

release toxins of their own, creating a ripple effect across neighbouring cells, thereby 

increasing cell death (Cervia & Casini, 2012). Recently, it has been reported that retinal 

ischaemia induced by elevated IOP mostly affects Müller glial cells (Lee et al., 2011) 

although Danesh-Meyer et al. (2012) suggest that the primary event is vascular leak. RGC 

death is the result of a complex cascade of biochemical responses initiated by energy 

failure (Figure 4-10). After ischaemia-reperfusion, endothelial Cx43 expression is 

upregulated (Kerr et al., 2012) and results in hemichannel opening (Orellana et al., 2009), 

endothelial cell loss and activation of astrocytes and secretion of extracellular matrix to 

repair damaged tissue (Danesh-Meyer et al., 2012), as well as release of ATP and 

glutamate (Lin et al., 2008). Excessive extracellular matrix production also results in glial 

scar formation, affecting the regeneration of nerve fibers and blocking the link to each 

other. Impairing the conduction of nerve signals eventually interrupts the repair of the 

nervous tissue and leads to advanced damage. These events lead to RGC death.  

The main factors involved in ischaemia-induced retinal degeneration are thought to include 

glutamate excitotoxicity, glial dysfunction, Ca
2+

 overload, potentially toxic inflammatory 

mediator release and formation of reactive oxygen species and free radicals (oxidative 

stress) (Ju et al., 2001). These events eventually lead to death (mostly by apoptosis) of cell 

populations or the entire retina depending on the strength and length of the ischaemic insult 

(Osborne et al., 2004). RGC express high levels of N-methyl-d-aspartate (NMDA) and 

the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) / kainite ionotropic 

glutamate receptors, making them particularly vulnerable to glutamate excitotoxicity 

(Brandstätter et al., 1994). The interrupted uptake of glutamate into astrocytes following 
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retinal ischaemia-reperfusion may also play a role in mediating the death of RGC (Osborne 

et al., 2004). Evidence is accumulating that hemichannel opening may enable the release of 

apoptotic and necrotic signals from injured cells to the extracellular matrix where death 

signals can be passed to adjacent cells via open hemichannels rather than direct passage 

through gap junctions (Iyyathurai et al., 2013). Therefore, blocking hemichannel opening 

but still keeping gap junction coupling has been identified as a potential neuroprotective 

tool, which not only protects microvascular wall integrity, but also prevents 

excitocytotoxic lesion spread. 

 

Figure 4-10.  A diagram indicating the possible pathway for RGC loss following retinal 

ischaemia. 

In this study, ischaemia-reperfusion injury lead to a significant loss of RGC in retinas at 28 

d compared to uninjured controls, with intravitreal injection of Cx43 MP or Nps-Cx43Mp 

significantly reducing (p<0.05) RGC death compared to no treatment. C12-C12 modified 

peptide displayed the greatest benefit in reducing RGC loss (p<0.01) with 80% of RGC 

surviving after 28 d. Mps-Cx43 MP treatment did not result in an inhibition of Cx43 

expression (indicating it had little effect on the early inflammatory process) most likely due 

to insufficient initial Cx43 MP release from the particles, thus failing to rescue RGC as 

analysed at 28 d. However, in vitro studies indicated that more than 70% of Cx43 MP was 

released from Mps by 90 d (Chapter 3) when a significantly reduced Cx43 expression was 

evident (p<0.05). Although we do not have any Cx43 and RGC count data from injured 

animals receiving no treatment at 90 d, previous studies have demonstrated that death of 

RGC does significantly increase with time, with more than 50% loss after 56 d (Chew et 

al., 2011). Therefore, the Mps-Cx43 MP data suggests that delayed or sustained release of 

Cx43 MP may still play a role in maintaining RGC survival. Likewise, Nps-Cx43 MP 

treatment showed suppression of Cx43 expression at 28 d which correlated with reduced 

RGC loss. Although the particle treatments showed reduced abality to prevent the initial 
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inflammatory response (astrocytosis) compared to the C12-C12 modified peptide, the 

sustained MP delivery effect could still be beneficial for preservation of the RGC layer in 

the long term.  

In this study, we encapsulated Cx43 MP based on established methods. The total amount 

of Cx43 MP loaded into the particles was the same as native Cx43 MP present in solution. 

Figure 3-2 (Chapter 3) demonstrated that in vitro release profiles of Cx43 MP in the bovine 

vitreous exhibited a three-stages release pattern and data was consistent with the in vivo 

data presented in this chapter with sustained delivery of Cx43 MP over the course of 

several weeks. Results suggest that the RGC rescue effect may be more attributable to the 

initial burst of Cx43 MP than the continuous slow release.  

Polymeric ocular drug delivery has made a lot of progress in the last decades. The release 

of molecules from micro/nano-scale devices has become a promising delivery option for 

many long-term neurodegenerative diseases (Yang et al., 2001a). However, it can be 

difficult to determine the optimal dosage with any experimental drug therapy especially 

with particulate delivery systems such as Nps and Mps. The concept of a sustained release 

system is that the drug concentration can be kept low if continuously present in the target 

environment. As the long-term PLGA release system is very different to a single liquid 

injection, the loading capacity and dose of the particles as well as the injection volume 

need to be considered. Moreover, determining a dose-response curve of particle-delivered 

Cx43 MP in the vitreous is necessary to achieve the maximal pharmacological effect. The 

delivery profiles presented here are still far from ideal for this acute ischaemic model 

where initial high levels are required, although it represented sustained delivery of 

sufficient Cx43 MP to block hemichannel opening and therefore reduce Cx43 upregulation. 

However, Mps may still have potential value for long-term treatment of AMD or other 

chronic retinal disorders. Our results overall suggest that the sooner Cx43 hemichannels 

are blocked after ischaemia the better, but in order to improve RGC rescue, longer acting 

MP (than the native form) is desirable. Either an increase in Nps and Mps concentration or 

a combination of a Cx43 MP solution with sustained release Nps and Mps may be 

ultimately be optimal. 
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4.5.   Conclusion 

Gap junction communication plays an important role in the pathogenesis of neuronal 

degeneration and has been identified as a potential neuroprotective target. Cx43 

upregulation and hemichannel opening mediate vascular leak which is associated with 

astrocytosis and is believed to precede and potentially lead to a cascade of events that 

result in RGC degeneration following a retinal ischaemic insult. Reduction of Cx43 after 

retinal ischaemia-reperfusion injury alleviates vascular leakage, decreases inflammation 

and provides significant neuron sparing. In this study, intravitreally injected native Cx43 

MP and C12-C12 modified Cx43 MP effectively minimised vessel leak, reduced 

inflammation and protected RGC after ischaemic injury. Slow Cx43 MP release from Nps 

and Mps was insufficient to have an immediate effect in the treatment of an acute injury, 

but may provide long-term RGC protection for chronic glaucomatous conditions. Overall, 

C12-C12-Cx43 MP showed the most promising results in reducing vascular leak and 

inflammation, sparing 80% of RGC compared to the untreated group, and suggesting that 

this molecule may be a clinically relevant neuroprotective tool for intravitreal delivery in 

the treatment of optic neuropathy. 

Despite promising results from this study, one main problem remains before 

neuroprotection can be practically considered as a therapy for glaucoma. Most current 

animal models display rapid RGC degeneration by invasive IOP elevation. Such rapid 

degeneration is atypical of most human glaucoma and cannot be exactly reflect the disease 

process. Studies evaluating short-term treatments are only suited to rapid RGC 

degeneration. In addition, effective neuroprotection in glaucoma requires the consistent 

availability of Cx43 MP for prolonged periods of time. Neuroprotection with slow release 

polymers with improved release kinetics should therefore be further studied as a potential 

therapy for glaucoma and other diseases involving the loss of neurons. 
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5.1.   General discussion and future perspectives 

Glaucoma is one form of optic neuropathy that is often characterised by elevated IOP, 

compressive damage to the optic nerve, and irreversible loss of RGC, which leads to 

progressive visual impairment. As for other forms of optic neuropathy, neuroprotection 

may be helpful in preserving visual function, as the loss of RGC is the terminal process in 

the pathophysiology. Current treatments are limited in efficacy and only lead to modest 

improvement in vision. It is, therefore, essential that new therapies are investigated for the 

treatment of these disorders. Recent research has shown that transient block of Cx43 

hemichannels by MP after retinal ischaemia may inhibit uncontrolled hemichannel opening 

that causes blood-brain barrier permeability and endothelial cell loss, and may provide 

improved RGC survival. The development of a platform for peptide therapy may provide a 

more permanent treatment option for optic neuropathies without the need for additional 

therapy, which may be the closest approach to finding a “cure” for these debilitating 

diseases. 

Nevertheless, the highly hydrophilic character and poor stability of these molecules can 

limit efficient delivery in a clinical setting. In addition, delivering drugs to the posterior 

segment of the eye is a challenge due to the presence of various physiological and 

anatomical barriers. Systemic delivery is less favoured due to the fact that eye is a 

relatively secluded and small body part and systemic peptide therapy has potential to cause 

unexpected adverse effects. Topical delivery is also ineffective due to various barriers and 

elimination routes associated with the anterior eye. Intravitreal injection, which is currently 

the preferred mode of drug delivery, provides a localized drug depot in the vitreous but is 

invasive with. Frequent interventions possibly leading to endophthalmitis and haemorrhage 

(Geroski & Edelhauser, 2000). 

Thus, the overall goal of this study was to develop a safe and effective Cx43 MP delivery 

system to protect RGC as a treatment of glaucomatous optic neuropathies. Specifically, 

current therapies based on surgical or pharmacological intervention do not provide a 

simple, long-term treatment for progressive blinding diseases. Thus, the following three 
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specific aims were addressed, with a summary and general discussion on the progress 

made for each specific aim: 

 

Specific aim 1: To chemically modify and synthesise Cx43 MP and evaluate their 

stability and functionality in vitro (Chapter 2) 

The development of peptides as therapeutic agents has been hampered by their poor 

enzymatic stability and bioavailability. Many strategies, such as chemical modification, 

synthesis of peptidomimetics as well as formulation approaches have been employed to 

overcome these issues. The current study investigated the conjugation of C12-Laa and 

GlcNS to the N-terminus of the Cx43 MP as a means to enhance the resistance to 

enzymatic degradation without affecting their inherent functionality.  

Novel Laa and GlcNS derivatives of the dodecapeptide Cx43 MP were successfully 

synthesised using manual tBoc SPPS which is low cost and time saving compared to other 

methods. However, relatively low recovery of pure peptides was obtained which may have 

been due to the difficult coupling of the cysteine amino acid group, resulting in rapid 

oxidation under relatively mild conditions. In addition, GlcNS-Cx43 MP showed the 

lowest yield, possibly due to the poly-hydroxylated nature of the sugar and the more 

complicated process of sugar attachment compared to lipid conjugation. As a general rule, 

difficult coupling arises in the synthesis as peptides are elongated through residues 12-20 

of their sequences and this phenomenon has been attributed to the propensity to form β-

structure aggregates on the resin. This was not an issue here though, in addition, this 

strategy employed HF cleavage of the protecting groups which may degrade some of the 

peptides. To improve the recovery of peptides the following means may be applied in the 

future: 1) the use of low-substitution resins (0.1-0.4 mmol/g) may decrease steric 

interactions as well as interchain aggregation due to rich β-structural elements such as Phe, 

Thr, Val, Ile and Pro used in this peptide sequence; 2) elevation and maintenance of the 

temperature at 35-50 °C may increase coupling efficiency as the reaction is temperature-

dependent; 3) the use of a machine-assisted protocol rather than manual coupling; 4) 

utilisation of the Fmoc strategy with the convenience of TFA-based deprotection thus 

avoiding degradation caused by harsh HF.  



Chapter Five – General discussion, future perspectives and final conclusion  

146 

 

These peptide conjugates have several potential advantages over the free peptide: 1) the 

conjugate of a Laa of sufficient length would interact spontaneously with the cell 

membrane allowing transcellular permeation, while the sugar conjugate would facilitate 

active cell targeting, both of which may help peptides approach the target site (Bergeon et 

al., 2008); 2) it would limit degradation of the released peptide by apical peptidases; and 3) 

it would perhaps also reduce aggregation thus providing a higher bioavailability. In the 

present study, cytotoxicity and functionality were assessed in NT2/D1 cells and in vitro 

enzymatic stability was evaluated in bovine vitreous. Overall, the results demonstrated that 

all modified MP were non-cytotoxic at therapeutic concentrations over 48 h of incubation. 

Unmodified and modified MP inhibited dye uptake into NT2/D1 cells comparable to a 

non-specific hemichannel blocker by preventing Cx43 hemichannel opening. This suggests 

that lipid or sugar modification on the N-terminus of the peptide does not affect its binding 

to the extracellular loop of Cx43. Stability studies clearly showed that the apparent half-life 

of the unmodified Cx43 MP was substantially lower than those obtained for the modified 

peptides, with the C12-C12-Laa conjugate displaying the highest resistance to enzymatic 

degradation. This can be explained by the fact that the lipoamino acid chains prevent the 

binding of the peptide to the enzyme receptor, thus inhibiting its recognition and 

subsequent cleavage. Taking all the in vitro results into consideration, C12-C12-Cx43 MP 

was considered to be the most promising candidate for further in vivo evaluation to prevent 

Cx43 hemichannel opening.  

Although, both the C12-Laa and glucose conjugates resulted in higher enzymatic resistance, 

they did not achieve our expected goal of prolonging the peptide activity for days. It may 

be that attaching only one or two C12-Laa to the N-terminus of a 12 amino acid peptide 

does not provide sufficient protection to the whole amino acid sequence, thus enzymatic 

degradation may still occur from the C-terminus. Moreover, the stability study assessed the 

whole structural integrity of MP, for example, the stability analysis of C12-C12-Cx43 MP 

was for the intact molecule itself rather than the Cx43 MP, and therefore it could be 

expected that the effectiveness of the modified Cx43 MP may be longer than suggested by 

the present HPLC data. There are a large number of different combinations of peptide 

sequences after enzymatic degradation. In the present study, it was difficult to analyse each 

distinct peptide fragment at various time points after enzymatic attack due to the 

limitations of resources and the HPLC technique. It may have been beneficial to collect the 
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fragments eluted from the HPLC column to analyse the exact molecular weight via MS. 

However, this was not available to me during the current studies.  

Future perspectives: Based on the above studies future investigations could include: 

1) Improvement of SPPS efficacy to achieve higher peptide recovery, faster synthesis 

and reduced cost. In addition, increased convenience from automated processing 

may be able to be applied.  

2) Analysis of peptide degradation mechanisms to determine an effective 

concentration of modified Cx43 MP for in vivo studies. 

3) Permeability studies of native and modified Cx43 MP across retinal tissues to 

determine the distribution of Cx43 MP. It is necessary to evaluate the efficacy of 

Cx43 MP approaching the target site within the retina as one of my aims was to 

increase permeability across biological barriers. 

 

Specific aim 2: To synthesise and characterise PLGA Mps and Nps containing 

Cx43 MP and to evaluate entrapment efficiency and in vitro release profiles 

(Chapter 3) 

Mps and Nps have been under evaluation for ophthalmic drug delivery over the last two 

decades and have been shown to improve the stability of the encapsulated therapeutic 

against enzymatic degradation whilst also exhibiting a sustained delivery effect to the 

target tissue. Due to the cellular or sub-cellular size of Mps and Nps, they can be 

administered by the intravitreal route without surgical incision and with minimal adverse 

effects on the ocular tissues. Moreover, they can penetrate deeply into the tissues, allowing 

efficient delivery of therapeutic agents to the target site. Applied to drug delivery in 

glaucomatous optic neuropathies, Mps and Nps could potentially decrease the frequency of 

dosing and drug-related side-effects. This in turn may lead to improved adherence to the 

treatment and efficacy of RGC rescuing. Modulation of the polymer characteristics can 
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hereby control the release of the peptide from Mps and Nps to achieve the desired 

therapeutic level in the target tissue for optimal efficacy. The current study developed 

PLGA Mps and Nps loaded with Cx43 MP and investigated the physicochemical 

properties of Mps and Nps as well as in vitro assessment of cellular hemichannel block.  

The w/o/w double emulsion solvent evaporation technique was found to be a suitable 

method for encapsulation of Cx43 MP. PLGA Mps and Nps were successfully synthesised 

with narrow size ranges and with high peptide loading. However, particles seemed to 

aggregate during the freezing-drying process, which may affect the formulation stability 

and injectability upon storage. SEM revealed that Mps and Nps were spherical and 

possessed a smooth surface. In vitro release profiles of Cx43 MP exhibited a triphasic 

pattern: 1) an initial burst release of Cx43 MP adsorbed onto the surface; 2) a diffusion-

controlled delayed release of Cx43 MP embedded in deeper polymer pores together with 

PLGA erosion and 3) a final drug release due to complete physical breakdown of particle 

shells. These Mps and Nps provided controlled delivery and therefore regulated Cx43 MP 

release over a period of up to 4 months in vitro, which could reduce injection frequency in 

vivo.  

In most cases, an initial burst release is undesirable from both a therapeutic and an 

economic standpoint, as the drug released at this period is not available for prolonged 

release, and, more importantly, it can result in local toxicity. In both the Mps and Nps 

release patterns, there is still room for improvement as the initial burst release and the final 

release (especially for Mps) may be optimised by relevant formulation parameters such as 

PLGA concentration or w/o/w volume ratio. In addition, the near zero order release during 

the second constant stage is preferred as the Cx43 MP concentration is predictable. 

However, in vitro release cannot exactly predict Cx43 MP release in vivo and further in 

vivo evaluations should be carried out measuring Cx43 MP concentrations in the vitreous 

and the ocular tissues at various time points. 

Assessment of Cx43 MP hemichannel blocking showed that native Cx43 MP may lose its 

integrity after prolonged incubation times with ARPE-19 cells and medium, while Cx43 

MP loaded Mps and Nps exhibited relatively stable and prolonged effects on hemichannel 
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block. This suggests that native Cx43 MP is a suitable therapeutic for short-term use while 

Mps and Nps are more attractive for the treatment of chronic diseases due to increased 

stability of Cx43 MP due to encapsulation as well as the sustained release effect. However, 

uptake of Mps and Nps via the endocytotic machinery is undesirable and unnecessary, as 

the Cx43 MP would be present in the inside the cell and would be unable to bind to the 

extracellular loop of the hemichannels. It is possible though that in vitro cell culture results 

obtained in this chapter may not exactly represent the conditions in vivo. Therefore, further 

investigations into the behaviour of Mps and Nps in terms of cell/tissue distribution in vivo 

are now required. In the prospect of clinical application, these Mps and Nps may be 

suitable for intraocular injection and may allow for a slow and gradual release of Cx43 MP 

within the vitreous cavity, circumventing the need for repeated injections.  

Future perspectives: Before this technology can be used in the clinic, a number of 

aspects could be optimised or further investigated for the delivery of Cx43 MP Mps 

and Nps to the posterior segment of the eye:  

1) Prevention of Mps and Nps aggregation during the freeze-drying process by adding 

a suitable protectant.  

2) Increase in the Cx43 MP loading to reduce potential cytotoxicity of the carriers.   

3) Optimisation of in vitro Cx43 MP release by achieving non-burst and near linear 

release to obtain an optimal dosage. This will require monitoring of drug 

concentrations during the release process in vivo.  

4) Evaluation of in vitro and in vivo trafficking of Mps and Nps. The eye‟s external 

accessibility allows for easy in vivo imaging and functional studies. Live confocal 

imaging could be employed to illustrate the process of transcellular permeation and 

distribution of Mps and Nps in vivo (Chen et al., 2012).  
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Specific aim 3: To evaluate the efficacy of modified Cx43 MP and Cx43 MP loaded 

Mps and Nps to reduce vascular leak and RGC loss in the retina in vivo 

(Chapter 4) 

Hemichannels play an important role in the pathogenesis of neuronal degeneration and 

have been identified as a potential neuroprotective target. Cx43 upregulation and 

hemichannel opening mediate vascular leak which is associated with astrocytosis and is 

believed to precede and potentially lead to a cascade of events that result in RGC 

degeneration following a retinal ischaemic insult (Danesh-Meyer et al., 2012). Inhibition 

of Cx43 hemichannel opening after retinal ischaemia-reperfusion injury alleviates vascular 

leakage, decreases inflammation and provides significant neuron sparing. This study 

investigated the ability of C12-C12 modified Cx43 MP and slow-release PLGA Mps and 

Nps containing Cx43 MP applied as a single intravitreal injection to reduce vessel leak and 

inflammation and promote RGC survival in a retinal ischaemia-reperfusion rat model. 

Intravitreally injected native and modified Cx43 MP appeared to effectively minimise 

vessel leak, block hemichannel opening and hence protect RGC after the ischaemic injury. 

The C12-C12-Cx43 MP showed the most promising results in reducing vascular leak and 

inflammation (Cx43 expression down to control levels) and sparing 80% of RGC due to 

increased lipophilicity and vitreous stability. This effect lasted at least four weeks, 

suggesting that this technique may be a clinically relevant neuroprotective tool in the 

treatment of glaucomatous optic neuropathy. Despite the promising results, one main 

problem remains before neuroprotection by Cx43 MP can be practically considered as a 

therapy for glaucoma. Most current animal models display rapid RGC degeneration by 

mechanical damage to all components in the optic nerve head. Invasive IOP elevation for 

ischaemia-reperfusion is a model in which the IOP is raised above perfusion pressure so 

that there is complete lack of blood flow in the retina for 60 min after which the pressure is 

brought down allowing reperfusion. In contrast, glaucoma in patients maybe be caused by 

may be complex multifactorial disease. Thus rapid degeneration as used here is atypical of 

most human glaucoma forms and cannot exactly reflect the disease process. Studies 

evaluating short-term treatments may therefore be more suited to this rapid RGC 

degeneration model. Despite these difficulties, research into neuroprotection is progressing 
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and Cx43 MP currently seems to have high potential as a neuroprotective therapy for 

glaucoma and other diseases involving RGC degeneration.  

Cx43 MP loaded Mps and Nps displayed a delayed effect on Cx43 regulation and RGC 

preservation similar to native Cx43 MP, suggesting that maintaining Cx43 MP at low 

required levels may support RGC survival. Native Cx43 MP and C12-C12-Cx43 MP showed 

immediate effects on the suppression of Cx43 regulation and therefore saved RGC loss 

from the initial insult. On the other hand, slow Cx43 MP release from Mps and Nps may 

further decrease RGC loss over long periods, however, Mps alone though may be 

unsuitable in the treatment of an acute injury owing to its slow drug release characteristics.  

It can be difficult to determine the optimal drug concentration with any experimental 

therapy especially with particulate delivery systems such as Mps and Nps. The concept of a 

sustained release system is that the drug concentration can be kept low if continuously 

present in the target environment. The delivery profiles presented here were still far from 

ideal for this acute ischaemic model where initial high levels are required although it has 

demonstrated sustained delivery of sufficient Cx43 MP to block hemichannel opening and 

to provide long-term RGC protection for chronic glaucomatous conditions or other chronic 

retinal disorders. Overall, our results suggest that the sooner Cx43 hemichannels are 

blocked after ischaemia the better, but in order to improve RGC survival, consistent 

availability of Cx43 MP for prolonged periods of time may be desirable. A combination of 

a Cx43 MP solution with sustained release Mps and Nps may ultimately be optimal. 

Future perspectives: Based on the experimental findings the following important 

issues should be considered in future follow-up studies: 

1) The relationship between Cx43 MP, hemichannels and gap junctions including 

turnover rate of gap junction proteins, the mechanisms underlying the action of 

Cx43 MP and the duration of the effect on subsequent gap junction plaque 

formation must be clearly determined in order to optimise drug concentrations and 

release kinetics.  
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2) Pharmacokinetic studies of C12-C12-Cx43 MP, Cx43 MP loaded Mps and Nps in 

large animal eyes should be performed to understand uptake, disposition and 

elimination of Cx43 MP from the vitreous humor, especially in relation to the 

physicochemical properties of the drug molecules. This will provide useful 

information on optimizing intravitreal dosing as well as for designing optimised 

drug delivery strategies for the treatment of posterior segment diseases.  

3) Studies on neuroprotectants have low success rates in the transition from the 

laboratory to human trials. Despite successful preclinical cell culture and animal 

model experiments, more than 100 neuroprotective drug candidates have failed, 

most during Phase 2 and Phase 3 clinical trials (Vasudevan et al., 2011). The 

commonly enunciated agreement for human trial failures is that the animal models 

do not properly simulate the human disease or that the variability of the disease in 

patients is much higher than the variability of the disease in laboratory animals. 

Future study should focus on the design of clinical trials and how to translate data 

from animal models to humans. 

5.2.   Final conclusion  

C12-Laa and GlcNS modified Cx43 MP were successfully synthesised without affecting the 

functionality of Cx43 MP and the modifications improved peptide stability in bovine 

vitreous.  In addition, Cx43 MP loaded PLGA Mps and Nps were synthesised with narrow 

size ranges and with high peptide loading efficiency. In vitro release profiles exhibited a 

sustained release over a period of up to 4 months, indicating Mps and Nps may potentially 

reduce injection frequency. In vivo studies showed that intravitreally injected native Cx43 

MP and C12-C12 modified Cx43 MP effectively minimised vessel leak, reduced 

inflammation and protected RGC after ischaemic injury, while Mps and Nps alone were 

insufficient to have an immediate effect due to slow release. Results suggested, however, 

that they may potentially provide long-term RGC protection for chronic glaucomatous 

conditions. Overall, C12-C12-Cx43 MP showed the most promising results, indicating that 

this molecule may be a clinically relevant neuroprotective tool for intravitreal delivery in 

the treatment of optic neuropathy. 
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