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Abstract

Diabetic retinopathy is the leading cause of blindness in the working age population.
Unfortunately, there is no cure for this devastating ocular complication. The early stage of diabetic
retinopathy is characterized by the loss of various cell types in the retina, namely endothelial cells
and pericytes. As the disease progresses, vascular leakage, a clinical hallmark of diabetic
retinopathy, becomes evident and may eventually lead to diabetic macular edema, the most
common cause of vision loss in diabetic retinopathy. Substantial evidence indicates that the
disruption of connexin-mediated cellular communication plays a critical role in the pathogenesis
of diabetic retinopathy. Yet, it is unclear how altered communication via connexin channel
mediated cell-to-cell and cell-to-extracellular microenvironment is linked to the development of
diabetic retinopathy. Recent observations suggest the possibility that connexin hemichannels may
play a role in the pathogenesis of diabetic retinopathy by allowing communication between cells
and the microenvironment. Interestingly, recent studies suggest that connexin channels may be
involved in regulating retinal vascular permeability. These cellular events are coordinated at least
in part via connexin-mediated intercellular communication and the maintenance of retinal vascular
homeostasis. This review highlights the effect of high glucose and diabetic condition on connexin
channels and their impact on the development of diabetic retinopathy.
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1. Introduction

1.1. Diabetes and diabetic retinopathy

Diabetes is a complex metabolic disorder characterized by chronic hyperglycemia. Type 1
diabetes accounts for 5-10% of diabetic patients whereas type 2 diabetes accounts for
approximately 90% of the diabetic population. Type 1 diabetes is an autoimmune disease
characterized by the destruction of p-islet cells of the pancreas resulting in insulin
deficiency. Type 2 diabetes is characterized by a combination of insulin resistance and/or
insufficient compensatory insulin secretion (American Diabetes, 2010). In addition to
hyperglycemia, disturbances of carbohydrate, protein, and fat metabolism are also known to
be present in diabetic patients. Although there are differences in the etiology and the age of
onset of diabetes, long-term complications of chronic hyperglycemia are essentially the
same, i.e. nephropathy, retinopathy, neuropathy, cardiovascular disease, cerebrovascular
accidents, and susceptibility to infections.

Based on fundus images of retinal hemorrhages, microaneurysms, venous beading,
neovascularization and vitreous hemorrhage, diabetic retinopathy (DR) is classified into 5
disease severity levels: no apparent retinopathy, mild, moderate, severe non-proliferative DR
and proliferative DR (Wilkinson et al., 2003). In addition to DR classification, there are also
severity levels for diabetic macular edema as described (Ding and Wong, 2012).

DR progresses from mild to severe stages if not treated. As capillary acellularity increases in
the diabetic retina, ischemic areas start producing cytokines including vascular endothelial
growth factor (VEGF), the most potent growth factor, which triggers neovascularization and
vascular leakage ultimately leading to macular edema. Diabetic macular edema
compromises vision significantly, and neovascularization promotes the development of
vitreous hemorrhage and tractional retinal detachment that could lead to blindness.
Moreover, DR is not exclusively confined to vascular changes. Diabetes is known to impact
retinal neurons, glial cells, microglia, and retinal pigment epithelial (RPE) cells even before
the vascular changes are detectable.

Hyperglycemia impacts several biochemical pathways including activation of protein kinase
C (PKC), polyol pathway, accumulation of advanced glycation end product, increase of
oxidative stress and pro-inflammatory cytokines, and inhibition of gap junction intercellular
communication (for review, see (Ahsan, 2015; Roy et al., 2017; Roy et al., 2010)). The
altered retinal microenvironment is associated with proliferation of extracellular matrix
(basement membrane thickening), increased capillary permeability (retinal edema),
endothelial apoptosis (acellular capillaries), and angiogenesis (neovascularization).

1.2. Effects of diabetes on cellular components of gap junction intercellular
communication

When vascular homeostasis is disrupted in the diabetic retina, it can promote the
development and progression of DR by triggering retinal cell death and vascular
permeability, two prominent characteristic hallmarks of DR. It is well established that gap
junction intercellular communication (GJIC) allows propagation of cell survival and cell
death signals between cells. The exchange of small molecules between cells and their
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microenvironment via connexin hemichannels, and subsequent propagation of signaling
events impacting cell survival or death are of profound biological importance since they may
influence pathological outcomes in disease processes.

The possibility that retinal vascular cells under high glucose (HG) stress reduced Cx43
expression and compromised cell-cell communication is of pathophysiological significance.
In diabetes, cells in the retinal vasculature are known to die by apoptosis; however, these
cells undergoing apoptosis die at random locations in the retinal capillaries and rarely, if at
all, die next to each other. This phenomenon refutes the possibility of a bystander effect and
instead supports a global HG effect on retinal vascular homeostasis where cell death may
occur at different locations of the retinal vasculature. Recent work pointed towards the
involvement of non-conventional role of connexins in regulating tight junctions of retinal
capillaries. Recent studies suggest possible involvement of gap junctions in blood retinal
barrier breakdown and vascular permeability associated with DR (Tien et al., 2013; Tien et
al., 2014).

Connexin hemichannels have attracted significant attention towards understanding
communication between cells and the extracellular microenvironment in disease
pathogenesis. In fact, inside the retinal capillaries, endothelial cells are arranged very tightly
between adjacent cells but the apical surface of these cells is in constant contact with the
hyperglycemic milieu. This could allow interactions between the endothelial cells and the
hyperglycemic condition leading to adverse hemichannel-mediated actions. The opening and
closure of these channels may impact both autocrine and paracrine signaling and thereby
influence cell functionality and survival. The effect of HG can thus be directly mediated
through the hemichannels.

Studies in various cell types have shown mitochondrial connexin 43 (mtCx43) as an
important regulator of apoptosis and mitochondrial function (Goubaeva et al., 2007).
However, only limited information is available about the role of mtCx43 in retinal vascular
cells in diabetes. We have investigated the role of mtCx43 in maintenance of mitochondrial
morphology and cytochrome c release in retinal endothelial cells in the context of apoptosis
in DR. Our recent studies indicate that dysfunction of mitochondrial Cx43 may contribute to
the progression of DR (Trudeau et al., 2012).

While current studies and clinical trials have shown encouraging results for targeting
abnormal Cx43 expression and activity in non-ocular related pathologies such as in wound
healing, the promise for an ocular-based treatment in normalizing Cx43-related cellular
activities has not yet materialized. Correcting Cx43-mediated abnormalities in DR remain a
novel approach that holds therapeutic potential.

2. Connexin gap junction channels

2.1. Structure

Gap junction channels are comprised of two connexons or hemichannels, each of which are
composed of six connexin monomers that form a hexagonal configuration as seen under
electron crystallography (Unger et al., 1999; Yeager and Harris, 2007). The docking of the
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two hemichannels forms a gap junction channel, creating a conduit for cell-cell
communication between adjacent cells. The “gap” refers to the narrow clearance of 2-4 nm
between the two adjoining cells (Oshima, 2014). Members of the connexin family share
similar structural characteristics. Each connexin protein is comprised of four transmembrane
a-helix domains, which are connected by two extracellular loops essential for cell-cell
recognition and docking (Mese et al., 2007). Conserved in connexin species, there are three
cysteine residues in each of the two extracellular loops that are critical for intramolecular
stabilization (Krutovskikh and Yamasaki, 2000). In addition, there are cytoplasmic N-
terminal and C-terminal domains as well as a cytoplasmic loop linking the second and third
transmembrane domains in connexin proteins (Mese et al., 2007).

2.2. Nomenclature

To date, twenty-one members of the connexin family with the same structural topology have
been identified in the human genome and all cells in the human body express at least one
type of the connexin isoforms (Mese et al., 2007; Oshima, 2014; Sohl and Willecke, 2004).
Currently, two systems of nomenclatures for connexin proteins and their genes exist. First
system of nomenclature designates connexins according to their molecular weight in
kilodaltons. For instance, Cx43 represents connexin with a molecular weight of
approximately 43 kilodaltons. Furthermore, the differences in molecular weight between
connexins reflect differences primarily in the length of the cytoplasmic part of the chain and
the C-terminal domain (Wilkins, 1998). While the N-terminus is conserved in all connexin
species, the cytoplasmic loop and C-terminus exhibit a large variation related to sequence
and length (Mese et al., 2007). Additionally, this system of nomenclature may include the
initial letter of the species placed in front of the connexin protein to identify where the
connexin was derived from. Alternatively, the second nomenclature system places connexins
that can be separated into subgroups (a., B, or -y) with respect to their extent of sequence
identity and length of the cytoplasmic domains (Sohl and Willecke, 2003, 2004). Using this
nomenclature, connexin isoforms are labeled “Gj” for gap junction and serially numbered
based on the order of their discovery (Sohl and Willecke, 2003).

2.3. Diversity

Homotypic gap junctions are formed when identical connexin subunits come together and
dock, whereas heterotypic gap junctions are formed when two different connexons
(hemichannels) dock. When different subunits come together, this could give rise to various
combinations of heteromeric gap junctions. For a full review of various types of connexin
gap junction channels, refer to (Evans and Martin, 2002). There are several heterotypic gap
junction channels in many tissues including the retina (Evans and Martin, 2002; Yeager et
al., 1998).

Studies have shown that heterotypic channels have different unitary conductance and gating
properties from homotypic channels (Delmar, 2002; Rackauskas et al., 2007; Valiunas et al.,
2002). In the retina, there are homologous (between same cell types) and heterologous
(between different cell types) coupling within various neurons (Baldridge et al., 1998; Vaney
and Weiler, 2000). Interestingly, heterologous communication between All amacrine cells
and cone bipolar cells can occur in one direction (Xin and Bloomfield, 1997). In this
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asymmetrical coupling, both heterotypic channels of Cx36 and Cx45 and homotypic Cx36
channels between All amacrine and distinct types of cone bipolar cells exhibited different
conductance properties (Dedek et al., 2006; Han and Massey, 2005). There is also evidence
that formation of heterotypic channels can be a selective process determined by the second
extracellular domain of the connexin protein (White et al., 1994; White et al., 1995).
Furthermore, the functionality of gap junction channels depends on the connexin isotype.
For example, Cx43 channels have 100-300 fold higher selectivity for ATP than Cx32
channels (Goldberg et al., 2002); in Xenopus oocytes expressing both Cx40 and Cx43,
different pH gating properties of GJIC have been observed (Gu et al., 2000). These examples
demonstrate that diversity of gap junction channels provides a high level of complexity
during regulation of GJIC under different physiological conditions.

2.4. Function — Connexin-mediated classical and non-classical function

2.4.1. Classical Cx43-mediated GJIC function—Gap junction channels allow transfer
of small molecules less than 1 kilodalton between adjacent cells. These molecules include
amino acids, small peptides, glucose, various ions, ATP, ADP, cAMP, IP3, glutathione and
glutamate. Studies have shown that there is transjunctional selectivity during GJIC activity
(Harris, 2001) that facilitates physiological activities in specific tissues.

GJIC facilitates biological activities, including development, differentiation, proliferation
and immune response. Studies have shown that knockout or mutation of certain connexins
can lead to malfunction of cardiac tissue (Britz-Cunningham et al., 1995; Kruger et al.,
2000). In the heart, GJIC plays a critical role in cardiac homeostasis by allowing conduction
of electrical signals throughout the myocardium (Davis et al., 1995).

GJIC occurs between different cell types including antigen-presenting Langerhans cells/T
lymphocytes (Concha et al., 1993), and leukocytes/endothelial cells (Oviedo-Orta et al.,
2002). Furthermore, the process of transmigration of monocytes between dysfunctional
endothelial cells may contribute to the development of atherosclerosis (Wong et al., 2004).
Using genetically modified mouse models, specific connexin knockouts, or specific
connexin antibodies or peptides, our knowledge about gap junctional function has been
substantially improved (Garcia et al., 2016).

2.4.2. Non-coupling connexin function—Connexin proteins perform physiological
functions other than classical gap junctional activity. These non-coupling functions involve
hemichannels, connexin interacting proteins (gap junction proteome), mtCx43, and channel-
independent function in cell survival/death signals.

Hemichannels are extra-junctional connexons located in an unapposed cell membrane. They
allow the exchange of molecules between intracellular and extracellular milieu
(Goodenough and Paul, 2003). More details of connexin hemichannels will be in Section 4
of this review.

Connexins are known as multifaceted proteins, which can manifest coupling-independent
actions (Laird, 2010). Gap junction proteome includes tight junctions, adherens junctions,
cytoskeletal proteins, various kinases, phosphatases, and other proteins such as calmodulin
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and caveolin (Giepmans, 2004; Herve et al., 2012). For example, the PDZ-2 domain of ZO-1
was found to interact with the C-terminal of Cx43 (Sorgen et al., 2004). It was also reported
that Cx43 is physically associated and interacts with the amino-terminal domain of ZO-1 in
cardiac myocytes (Toyofuku et al., 1998). ZO-1 was also suggested to provide temporary
docking for connexins at the cell boundary (Toyofuku et al., 1998). Without this binding, the
level of Cx43 will be reduced by 30-40% compared to wild type (Hunter et al., 2005;
Toyofuku et al., 2001). Transfection of Cx32 in Cx32-deficient mice hepatocytes was
associated with induction of ZO-1, occludin and claudin-1, reinforcing tight junctions
(Kojima et al., 2002). Cx43 also co-localizes and co-precipitates with tight junction proteins
occludin, ZO-1, and ZO-2 (Laing et al., 2005; Nagasawa et al., 2006; Singh et al., 2005)
(Figure 1). Moreover, ZO-1 can modulate gap junction assembly by mediating Cx43
delivery from lipid raft domains to gap junction plaques (Laing et al., 2005). Furthermore,
Cx43 was found to be critical in maintaining the tight junction assembly at the blood testis
barrier (Li et al., 2010). Interestingly, blocking gap junction activity in brain and lung
endothelial cells resulted in impaired barrier function of tight junctions (Nagasawa et al.,
2006). The fact that gap junction uncouplers or depressors can inhibit tight junction barrier
function in endothelial cells suggests connexins may be necessary to maintain endothelial
barrier functions (Nagasawa et al., 2006; Tien et al., 2013). Altogether, the reciprocal
influence of connexins and gap junction proteome has expanded our understanding of
connexin functions.

Gap junction and hemichannel-independent suppression of cell proliferation was first
discovered in HeL a cells transfected with Cx26 (Mesnil et al., 1995). Other studies suggest
that the C-terminal portion of Cx43 is mainly involved in cell proliferation and that this
portion of Cx43 is present in both the cytosol and nucleus (Dang et al., 2003; Moorby and
Patel, 2001). Interestingly, a study has shown that Cx43 inhibits the expression of S phase
kinase associated protein 2 (Skp2) to affect cell cycle progression (Zhang et al., 2003).
Largely unknown, it has been suggested that connexin can affect gene transcription since the
entire length of Cx43 and C-terminal portion of Cx43 were found in the cell nucleus to
mediate cell growth and death (Vinken et al., 2012). Cx50 promotes lens fiber
differentiation, a function independent of its role in forming gap junctions and hemichannels
(Banks et al., 2007; Gu et al., 2003). Moreover, this action is mediated through a direct
interaction between the C-terminus of Cx50 and Skp2, an E3 ligase. This interaction retains
Skp2 in the cytosol and prevents its nuclear translocation, which results in stabilization of
p27/p57 and exit of cell-cycle (Shi et al., 2015).

MtCx43 was first discovered in endothelial cells (Li et al., 2002). Cx43 localization in
mitochondria occurs via translocation through the outer membrane, which involves
chaperone binding (Rodriguez-Sinovas et al., 2006). During heart preconditioning and
intermittent ischemia, an increase in cardiac mtCx43 was reported (Boengler et al., 2005; Lu
etal., 2010). In addition, inhibition of mtCx43 translocation may reduce mtCx43’s cardio-
protective effects (Boengler et al., 2005). On the contrary, HG reduces mtCx43 in retinal
endothelial cells (Mohammad and Kowluru, 2011; Trudeau et al., 2012). Since cardiac
mtCx43 regulates apoptosis (Denuc et al., 2016; Goubaeva et al., 2007), HG-induced
mtCx43 inhibition may contribute to accelerated cell death in the diabetic retina. More
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details of the involvement of mitochondrial connexin in diabetes and its complications are
provided in Section 3 of this review.

2.5. Connexin phosphorylation

Connexin biosynthesis is a complex process involving specific connexin gene transcription,
transport, assembly, and the formation and removal of gap junctions from the cell surface.
Cx43 phosphorylation promotes decreased gap junction assembly and can result in Cx43
degradation (Fernandes et al., 2004). Additionally, phosphorylation at specific sites of Cx43
may play a regulatory role in Cx43 channel internalization and degradation, and thus impact
gap junctional communication. Also, the role of connexin phosphorylation may differ
among cell types, stages of the cell cycle, extracellular matrix interactions, and other
functions (Laird, 2005). It should be noted that connexin degradation is not always linked to
their phosphorylation status, and that the degradation process for some connexin species
may differ. In fact, studies indicate that connexin phosphorylation is not a generic
prerequisite for connexins to be targeted for degradation; Cx26 exists in a non-
phosphorylated state, and the disease-linked Cx32 mutants degrade with little or no
phosphorylation (Laird, 2005).

3. Connexin hemichannels

3.1. General introduction of hemichannels

For over a decade or so, connexin hemichannels have been demonstrated to exhibit specific
roles, independent of the function of gap junctions (Goodenough and Paul, 2003). These
channels mediate the passage of molecules and communication between intracellular and the
extracellular microenvironment. In contrast to GJIC, connexin hemichannels display very
low open probability and/or low membrane permeability to small molecules (less than 1
kDa) (e.g., ATP, NAD™, prostaglandins and small fluorescent dyes) and ions in cells under
“rest” conditions (Saez et al., 2010). However, the activation or opening of these channels is
involved in autocrine/paracrine signaling, which provides a pathway for release of ATP
(Cotrina et al., 1998), glutamate (Ye et al., 2003), NAD™ (Bruzzone et al., 2001) and
prostaglandins (Cherian et al., 2005), and mediate various aspects of cell signaling and
function. Hemichannel activity is regulated by posttranslational modifications of connexin
subunits, e.g., S-nitrosylation, phosphorylation and dephosphorylation (Contreras et al.,
2003; Retamal et al., 2006), membrane physiochemical conditions, e.g., membrane voltage,
pH, mechanical stimulation and concentrations of monovalent and divalent cations (Burra et
al., 2010; Schalper et al., 2010; Siller-Jackson et al., 2008) and by extracellular signaling
molecules, e.g., ATP, FGF1/2 and lipophilic molecules (Garre et al., 2010; Kar et al., 2012;
Retamal et al., 2011; Schalper et al., 2012). In addition to connexin hemichannels, pannexins
also form channels with similar molecular stoichiometry and permeability properties as
connexin hemichannels. Several lines of evidence suggest important roles of the pannexin
channels (hemichannels) under normal physiological and pathophysiological conditions (for
review, see (Penuela et al., 2014)). Here we will primarily focus on connexin hemichannels
including its function, regulation and the involvement in diseases and cellular and tissue
injury.
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3.2. Function and regulation

Although the open probability of connexin hemichannels is low under normal physiological
condition, hemichannels are over-activated under certain stimulatory conditions, including
tissue injury, inflammation and pathological conditions. Abnormal activity of hemichannels
has been associated with secondary tissue injury including edema, and compromised
vascular integrity and neuronal death (for review see (Bennett et al., 2012) and for the
review of retinal injury see (Danesh-Meyer et al., 2016)). Therefore, over-activating
connexin hemichannels under pathological conditions mostly result in the disruption of
normal homeostasis and cellular function. For instance, in heart cells, functional
hemichannels in isolated adult rabbit ventricular myocytes were detected (John et al., 1999;
Kondo et al., 2000). Work by Kondo et al demonstrated removal of extracellular [Ca2*] and
metabolic inhibition can activate non-selective electrical current, which may impact ionic
fluxes, and promote arrhythmias and myocardial infarction (Kondo et al., 2000). The activity
of phosphatases and protein kinases is elevated whereas Cx43 is dephosphorylated during
myocardial ischemia (Armstrong and Ganote, 1992; Beardslee et al., 2000). In other studies,
mitogen-activated protein kinases (MAPK), PKC and PTK signaling pathways are reported
to be involved in cardiac protection during ischemia (Weinbrenner et al., 1998).
Hemichannels are kept closed when Cx43 is phosphorylated at the MAPK sites under
normal extracellular [Ca2*] condition. However, dephosphorylation of those sites by
phosphatases activated by biological stress like hyperosmolarity and metabolic stress opens
the hemichannels, allowing the influx of extracellular ions which compromises the
physiological function of heart cells (John et al., 2003).

Connexin hemichannels form an integrated network of channels present in the astrocytes and
neurons. The majority of the cell types in the central nervous system (CNS) exhibit
hemichannel activity but the physiological function of hemichannels remains largely
unresolved. Majority of the studies focuses on Cx43 hemichannels in astrocytes. Cx43
hemichannels in astrocytes and C6 glioma cells mediate the release of glutamate and ATP.
Several reports show that Cx43 expression and [Ca2*]-deficient solutions potentiate ATP
release from C6 gliomas, which is inhibited by connexin channel blockers (Contreras et al.,
2004; Retamal et al., 2006; Ye et al., 2003). In other study, ATP released from astrocytes is
thought to be mediated by the purinergic receptor, P2X7 and not by the Cx43 hemichannels
since ATP release was absent in P2X7-/- spinal cord astrocytes but not those from Cx43-/-
mice (Suadicani et al., 2006). Connexin hemichannels observed in the different cells of the
nervous system are associated pathological implications. The role of Cx45 hemichannels is
implicated under pathological conditions like ischemia and epilepsy when extracellular
[Ca?*] is absent. Cx30 is expressed in astrocytes (Nagy et al., 1999) and cochlea
(Lautermann et al., 1998), and the mutations in Cx30 causes deafness (Rabionet et al.,
2000). Interestingly, two mutations in Cx30 (A88V and G11R) formed ATP-permeable,
leaky hemichannels (Essenfelder et al., 2004). Another study showed that prenatal nicotine
exposure in pregnant mice fed with a high fat/cholesterol increased the opening of Cx43
hemichannels in astrocytes and pannexin 1 channels, and inhibition of these hemichannels
reduced ATP and glutamate release in hippocampal slides of nicotine-exposed offspring
(Orellana et al., 2014). Additionally, multiple lines of evidences suggest uncontrolled
hemichannel activities impair glial cell function, neuronal transmission and survival, and
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blocking hemichannels in glial cells and/or neurons of the inflamed CNS might prevent
neurovascular dysfunction and neurodegeneration (for review, see (Orellana et al., 2011)). It
is postulated that glial cell functions are disturbed in metabolic syndrome (MS), a disorder
characterized by the multiple physiological syndromes including abdominal fat, insulin
resistance, high triglycerides, low HDL and high blood pressure and inflammation.
Impairment of glial-to-neuron due to hemichannel dysfunction is implicated as a possible
cause of MS progression as summarized in Del Rio et al. (2015) (Del Rio et al., 2015).
Currently, although ample evidence supports the role of connexin hemichannels in neuronal
cells and astrocytes, more research is necessary, particularly in the /n vivo models, to support
studies done in cultured cells.

The beneficial effect and cell protective function of connexin hemichannels started to
emerge, especially under normal physiological conditions. Connexin hemichannel is an
important player in the maintenance of cellular homeostasis. In bone tissues, hemichannels
are richly present in osteocytes, the most abundant bone cell type. Bone formation and
remodeling is influenced by hemichannels that facilitate transmission of signals elicited by
mechanical stimulation to other bone cells and the extracellular matrix (for review, see
(Jiang et al., 2007; Plotkin, 2014)). In mouse models of Cx43 knockout and transgenic
expressing dominant negative mutants of Cx43 with compromised hemichannels, osteocyte
apoptosis and cell death are observed (Plotkin et al., 2008; Xu et al., 2015), which provides
support of the protective role of Cx43 hemichannels in bone cells. In response to mechanical
stimulation, Cx43 hemichannels mediate the release of bone anabolic factors, such as
prostaglandin E, (Cherian et al., 2005), which acts in an autocrine/paracrine manner to
promote anabolic function of the bone. Moreover, the opening of Cx43 hemichannels by
mechanical stimulation and bisphosphonates in osteocytes activates Src and ERK kinases
and promotes cell survival (Plotkin et al., 2002; Plotkin et al., 2005). Connexin
hemichannels have also been proposed to influence the neurite growth of CNS and cell
proliferation. ATP through hemichannels acts on purinergic receptors and enhances neurite
outgrowth (Belliveau et al., 2006). Cx43 hemichannels stimulate cell proliferation via NAD*
release, which results in reduced S phase in mouse fibroblast cells and increased calcium
concentration (Franco et al., 2001). In addition, hemichannels could possibly be an
important requirement for the normal inter-kinetic nuclear movement of the retinal
progenitor cells during the G1 and G2 phase of the cell cycle. Targeting the connexin
hemichannel activity in RPE cells by a mimetic peptide Gap26 slows the normal inter-
kinetic movement and the duration of the cell cycle in retinal progenitor cells (Pearson et al.,
2005). Moreover, Cx43 hemichannel signaling and ATP release are involved in the initiation
of early innate immune response in the endothelium when stimulated by peptidoglycan
derived from Staphylococcus epidermidis (Robertson et al., 2010).

Several studies have demonstrated the physiological roles of Cx46 and Cx50 hemichannel in
eye lens. Cx46-forming hemichannels are gated by calcium and voltage, and are also
mechanosensitive (Bao et al., 2004; Zhang et al., 2006). Due to their mechanosensitive
nature, Cx46 hemichannels are implicated in assisting accommodation of the lens by
providing transit path for volume flow as the lens changes shape (Bao et al., 2004). Cx50
hemichannels are sensitive to monovalent cations and the density of Cx50 hemichannels is
directly proportional to the magnitude of the Cx50 Ca2*-sensitive current. A study from
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Jiang’s laboratory has shown that PKA activation enhanced both Cx50 gap junctions as well
as hemichannel functions due to a direct phosphorylation of Cx50 at Ser395 site (Liu et al.,
2011). The functional connexin hemichannels are demonstrated in retina. Cx26 forms
hemichannels in horizontal cell dendrites near glutamate-releases site of the cones. Cx26
forms hemichannels at the location where a negative feedback pathway exists from
horizontal cells to cones in the first synapse of the retina. Interestingly, all feedback-
mediated responses are abolished upon blockage of Cx26 hemichannels. It is suggested that
activity of the Ca%* channels and glutamate release of the cones are modulated by these
hemichannels (Kamermans et al., 2001). However, the precise functions and regulatory
mechanism of connexin hemichannels in the optical tissues and cells still remain largely
obscure.

3.3. Connexin hemichannels in DR

The role of Cx43 and gap junctions in central nervous system injury is thoroughly reviewed
in a previously published paper (Chew et al., 2010). The retinal ischemia reperfusion is
considered as one of the major models to study DR in animals. The involvement of Cx43
hemichannels in ischemia-reperfusion injury was investigated during /n vitro simulated
ischemia under oxygen-glucose deprivation. Transient Cx43 hemichannel opening and
increase in intracellular [Ca2*] due to oxygen-glucose deprivation are inhibited in the
presence of a connexin-channel inhibitory peptide called Gap26 and lanthanum chloride as
is the reduction in cell viability. These results suggest that transient connexin hemichannel
opening during oxygen-glucose deprivation is responsible for cell injury (Shintani-Ishida et
al., 2007). The study by Kerr et al (2012) has shown that unilateral retinal ischemic injury in
Wistar rats significantly increases Cx43 expression in retinal astrocytes, Miller cells and
vascular endothelium of both the ischemic and contralateral retinas, but not in injured sham
controls (Kerr et al., 2012). The study from the same group further shows that the
application of a Cx43 mimetic peptide, Peptide 5 that blocks hemichannels reduces vascular
leakage induced by ischemia reperfusion damage and increases astrocyte cell survival
(Danesh-Meyer et al., 2012). The /n vitro cell study from the same paper confirms that the
endothelial cell death is mediated by opening of Cx43 hemichannels. Due to a potential
challenge of delivering natural peptides due to poor stability, a follow-up study is reported
by using Cx43 mimetic peptides encapsulated into slow release nano- and microparticles
(Chen et al., 2015b). The treatment with the above nanoparticles results in retinal ganglion
cell rescue, while microparticles exhibit a delayed effect on retinal ganglion cell preservation
albeit the initial inflammatory response due to the size of microparticles. To enhance the
stability of the native peptide /n vivo, Peptide 5 is chemically modified to C12-C12-Peptide
5 and the treatment with this modified peptide reduces vessel leakage, inflammation, and
protects retinal ganglion cell after ischemic injury (Chen et al., 2015a). These studies point
to Cx43 hemichannels as a potential, pharmacological target for the treatment of ischemic
retinal damage and DR, and inhibition of hemichannel function could provide new
opportunities for therapeutic intervention.

3.4 Connexin hemichannels in tissue injury and other diseases

Cx43 hemichannels are present on the sarcolemma of cardiomyocytes and remain closed
under physiological conditions but under ischemic stress, these channels may open resulting
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in irreversible tissue damage and cell death. This study confirms that blockade of connexin
hemichannel opening by Gap26 confers protection to intact heart against ischemia-
reperfusion injury regardless of the administration before or after the occurrence of ischemia
(Hawat et al., 2010). Another study also shows that opening of Cx43 hemichannels during
ischemia-reperfusion appears to be an important mechanism for ischemia-reperfusion injury
in the heart given that Gap26 significantly reduces the infarct/risk ratio (Johansen et al.,
2011). However, the alternative hemichannel, pannexin channel is not involved. Therefore,
Cx43 hemichannels are postulated to play an important part in the ischemic preconditioning
of the heart intercepted with brief periods of ischemia and timely closure of the
hemichannels by protein phosphorylation by specific kinases may delay the hemichannel
opening as well as associated deleterious consequences. Given that hemichannels open in
response to injury and inflammatory factors with release of small factors such as ATP to
promote and sustain uncontrolled inflammation, inhibition of hemichannel opening is
proposed to be a plausible therapeutic strategy to prevent tissue damage. The role of Cx43
hemichannels in the inflammasome pathway in microglia, astrocytes and endothelial cells
has been detailed described (Kim et al., 2016a).

In brain endothelial cells, inflammatory peptide bradykinin triggers Ca2* oscillations and
increases endothelial permeability, and these responses are partially blocked by Gap27 or
connexin channel inhibitor carbenoxolone (De Bock et al., 2011). They concluded that
disruption of endothelial connexin hemichannels can be a novel approach to limiting blood
brain barrier (BBB) permeability. BBB is compromised in acute ischemic stroke leading to
neuronal damage. Hemichannels formed by Cx43 and pannexin 1 are induced open in the
absence of Ca?*, a condition mimicking acute stroke, in a human BBB endothelial cell line
hCMEC/D3. Clinically used drugs that have neuroprotective effect also inhibit hemichannels
formed by Cx43, implying the potential role of hemichannels in dysregulation of BBB
during acute ischemia (Kaneko et al., 2015). On the other hand, controlled opening of
hemichannels plays an important role in neurovascular coupling, a process to maintain brain
function with proper blood flow. Based on experimental data, it is suggested that
neurovascular coupling may activate nitric oxide production which leads to Ca2* influx
through hemichannels leading to the propagation of the signal to end feet of astrocytes to
enhance the neurovascular coupling as reviewed in (Munoz et al., 2015). Also, nitric oxide
released by the astrocytic hemichannels at end feet may contribute to the vasodilation.

Several connexin mutants with abnormal hemichannel activities are associated with human
diseases. For example, hearing sensitivity may be influenced by the release of ATP that
could influence outer hair cells through hemichannels (Anselmi et al., 2008; Zhao, 2005).
One deafness-linked Cx26 mutation, G45E, associated with a fatal form of keratitis-
ichthyosis-deafness syndrome (Griffith et al., 2006; Janecke et al., 2005), causes leaky
hemichannels, which leads to cell death (Stong et al., 2006). Cx43G138R mutation is
identified in human oculodentodigital dysplasia inherited disorder (ODDD) with anomalies
of the face, fingers and toes, eyes, and teeth. This mutation results in a leaky Cx43
hemichannels with the excessive level of ATP release (Dobrowolski et al., 2008).

Activation of Cx43 hemichannels is involved in the pathogenesis of renal ischemic lesions.
Moderate ATP depletion activates Cx43 hemichannels in human renal proximal tubule cells
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and increases cell death, possibly through dissipation of solute fluxes across the cell
membrane leading to impairment of the recovery from ischemic insult (\Vergara et al., 2003).
Ovarian granulosa cells express abundant Cx43 hemichannels. These hemichannels respond
to mechanical stimulation such as reduced levels of extracellular divalent cations which can
trigger opening of Cx43 hemichannels and subsequent ATP release in folliculogenesis (Tong
et al., 2007).

Cx43 expression is upregulated at chronic wound margins and down regulation of Cx43 is
important for the process of wound healing. Inhibition of Cx43 channels by Gap27, a
connexin mimetic peptide, promotes skin cell migration of keratinocytes and fibroblasts
(Wright et al., 2009). Gap27 decreases hemichannel activity with enhanced migration and
proliferation in non-diabetic cells, while cells of diabetic origin are less susceptible to Gap27
during early passages, but showed comparable effects to non-diabetic cells in late passages.
The cause of the differences between diabetic and non-diabetic cells is correlated with
decreased hemichannel activity in diabetic cells (Pollok et al., 2011). A recent study by Kim
et al. shows that Peptide 5 which acts on second extracellular loop domain, and prevents
lesion spread and vascular permeability in CNS injury, blocks hemichannels and ATP
release at low dosage (Kim et al., 2016b). Another mimetic peptide (JM2), which targets the
microtubule-binding domain of Cx43, is shown to inhibit ATP released by hemichannels in
cultured endothelial cells. Moreover, this peptide suppresses early inflammatory response to
submuscular silicone implants (Calder et al., 2015). Danesh-Meyer et al (Danesh-Meyer et
al., 2012) reports that a Cx43 mimetic peptide that blocks Cx43 hemichannels can
significantly reduce vascular leakage and injury caused by retinal ischemia in male Wistar
rats and endothelial cell death following hypoxia /n vitro. This study suggests that blocking
hemichannels following injury offers new opportunities for treating ischemia in CNS.
Studies in bovine corneal endothelial cells show that RhoA is a key player that mediates
thrombin-induced inhibition of Cx43 hemichannels, consequently the inhibition of ATP-
dependent paracrine signaling under pathophysiological stress (Ponsaerts et al., 2012). Using
the same cell line, this group also reports that the interaction between intracellular loop
domain and C-terminal tail domain plays a key role in controlling the activity of Cx43
hemichannels (D'Hondt et al., 2014). This knowledge may contribute to the development of
new peptide drugs that can specifically inhibit Cx43 hemichannels. Therefore, the
hemichannel-blocking peptides are postulated to be developed into potential treatment
alternatives for injury, inflammatory and chronic disease. The role of Cx43 hemichannels
has drawn significant attention, especially in the pathogenesis of chronic inflammation in the
eye (Zhang et al., 2014). They hypothesize that vascular disruption mimics that seen in
tumor and can be prevented with the modulation of connexin hemichannels and further
suggest that maintaining or restoring cancer vasculature, in contrast to current opinion, leads
to reduced tumor hypoxia and promotes the survival of normal cells. Refer to Table 1 for a
summary of recently published studies on impacts of HG or diabetes-induced changes on
GJIC and hemichannels.

3.5. Conclusion and Perspective

Prior studies point to the specific role of hemichannels in various aspects of homeostasis of
different organ systems under normal physiology and pathophysiology. Although great
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advances have been achieved to understand roles of hemichannels injury repair and wound
healing, the specific function of hemichannels in diabetes and DR is largely speculative.
Development of mouse model for testing the hypothesis associated with mutations resulting
in hemichannel dysfunction needs attention. In addition, the possible involvement of
pannexin channels also cannot be ignored (Panchin et al., 2000). Multiple studies suggest
that these two types of hemichannels have a close relationship and work coordinately in the
CNS that differentially regulates the ionic and metabolic fluxes and cellular function
(Decrock et al., 2015; Jiang and Penuela, 2016).

4. Effect of HG and/or diabetes on connexin expression

4.1. Connexin abnormalities in non-retinal tissues and organs

Many diabetic complications have been shown to have differential expression of connexin
proteins in various tissues. Among the twenty-one connexins discovered in humans (Sohl
and Willecke, 2003), Cx43 is the most ubiquitous. In this section, altered Cx43 in diabetes is
discussed. Studies of Cx43 expression and GJIC activity in hyperglycemic conditions and
diabetes revealed new understanding of diabetic pathology in molecular level.

4.1.1. CNS complications related to connexin abnormalities—Some
epidemiological studies report that type 2 diabetes mellitus is a risk factor for cognitive
impairment (Biessels et al., 2006; Kalmijn et al., 1995; Manschot et al., 2007). Though not
conclusive, disruption of BBB, microvascular disease and glucose toxicity are considered as
possible contributing factors (Biessels et al., 2006; Mogi and Horiuchi, 2011). Current
concept of neurovascular unit in the brain implies the coordination between neurons,
astrocytes, endothelial cells and pericytes to maintain homeostasis. Cx43 expression in
neurons, astrocytes (Nadarajah et al., 1996; Orthmann-Murphy et al., 2008), endothelium,
and pericytes suggests its role in the function of neurovascular units in metabolic coupling,
vascular control and maintenance of BBB (Salmina et al., 2014).

Impaired GJIC activity and Cx43 downregulation were observed in astrocytes and in brain
slices of inferior colliculus in streptozotocin (STZ)-induced diabetic rat brains (Ball et al.,
2011; Gandhi et al., 2010). These findings may have an effect on neurovascular unit function
in diabetes. Ischemia-reperfusion of brain in Akita diabetic mice revealed marked reduction
in Cx43 immunoreactivity whereas in control mice, ischemia-reperfusion brought increased
Cx43 immunoreactivity, which may imply that diabetes decreases glial activation after an
ischemic insult and renders less neuronal support and more diabetic stroke severity (Kalani
etal., 2015).

4.1.2. Macrovascular complications related to connexin abnormalities—
Diabetes is an independent risk factor of cardiovascular disease. Type | diabetes carries a 10-
fold increase in risk of cardiovascular disease compared to age-matched non-diabetic
population (Laing et al., 2003). Cx37, Cx40 and Cx43 are the main gap junction proteins
present in aorta and coronary arteries (van Kempen and Jongsma, 1999). Cx40, Cx43 and
Cx45 are the dominant isoforms in the heart (Davis et al., 1995). Moreover, myoendothelial
gap junctions between vascular endothelial cells and smooth muscle cells have been reported
in rat mesentery arteries, allowing transfer of currents and small molecules to coordinate
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arterial functions (Sandow et al., 2009). These findings suggest that connexin expression
plays a role in the regulation of vascular tone, blood flow and pressure.

Downregulation of Cx43 was observed in diabetic aortic endothelial and smooth muscle
cells, and excessive phosphorylation of Cx43 impaired ventricular conduction (Inoguchi et
al., 2001). Decreased Cx43 is involved in the susceptibility of diabetic rats to hypokalemia-
induced ventricular fibrillation (Okruhlicova et al., 2002). In parallel, Cx40, Cx43 and Cx45
MRNA is increased in sino-atrial node in STZ-induced diabetic rats with prolonged
conduction (Howarth et al., 2007). Total and phosphorylated Cx43 levels are increased in
ventricular muscles of STZ-induced diabetic rats without mMRNA change. The
phosphorylation of Cx43 possibly associates with GJIC suppression and slowing down of
ventricular conduction (Howarth et al., 2008; Joshi et al., 2015). Taken together, these
findings suggest that differential expression of gap junctions in diabetes contributes to the
development of diabetic cardiomyopathy.

4.1.3. Renal complications related to connexin abnormalities—Diabetic
nephropathy is a well-known complication of diabetes. Nine connexins have been found in
the Kidney (Wright et al., 2012). A study reported that gap junctions are involved in
tubuloglomerular feedback (Ren et al., 2002). Electric coupling through gap junctions in the
vessels (Segal and Duling, 1989) for conduction of vasomotor response is strongly suggested
in nephrons because of the distribution of Cx37, Cx40 and Cx43 in afferent arterioles and
only Cx43 in post-glomerular efferent arterioles (Zhang and Hill, 2005). An increase in
Cx40 in pre-glomerular arterioles and a decrease in Cx43 in post-glomerular arterioles were
observed in STZ-treated diabetic mice. In addition, connexins may participate in the
regulation of glomerular blood flow and filtration rate. In HG condition, downregulation of
Cx43 promotes the senescence of glomerular mesangial cells. Enhanced phosphorylation of
Cx43 and Cx37 downregulation was reported in renin-secreting cells in Zucker diabetic fatty
rats associated with glomerular hyperfiltration (Takenaka et al., 2011). Increased Cx43
expression and increased calcium ion concentration were observed in human collecting duct
cells grown in HG medium (Hills et al., 2006). Interestingly, Cx43 downregulation in
podocytes is closely associated with the progression of diabetic nephropathy (Sawai et al.,
2006). These findings imply HG and diabetes influence renal function greatly through
altered connexin expression and GJIC activity. However, more studies are needed to better
understand the role of connexins in influencing renal functions under hyperglycemic
conditions.

4.1.4. Genitourinary complications related to connexin abnormalities—Erectile
and bladder dysfunction are more common in diabetic patients compared to non-diabetic
age-matched individuals. Cx43 gap junctions were found to be the predominant gap junction
in the corpus cavernosum (Campos de Carvalho et al., 1993). Corporal smooth muscles
exhibits increased Cx43 permeability in diabetic rats. This may contribute to increased
contractility and decreased relaxation of penile corpora, resulting in erectile dysfunction
(Brink et al., 2006). Significant decrease of Cx43 expression in penile corpora in diabetic
rats (Suadicani et al., 2009; Traish et al., 2013) will likely reduce coupling and coordination,
which can be prevented from insulin therapy (Suadicani et al., 2009). Cx43 is localized in
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lamina propia myofibroblasts and interstitial cells of bladder, suggesting that Cx43 may play
a role in coordinating detrusor muscle bundles (Ikeda et al., 2007). Increased Cx43
expression in bladder of diabetic rats may confer more gap junction-mediated signaling and
activity in the detrusor muscle (Suadicani et al., 2009). These findings provide a molecular
understanding of detrusor over-activity in diabetes.

4.1.5. Other complications related to connexin abnormalities—Diabetic patients
have problems with delayed wound healing, which may result in chronic foot ulcer and lead
to amputation. Multiple connexins are found in the skin, of which Cx43 is the most abundant
in the epidermis. In diabetic rat skin, Cx43 is downregulated in the epidermis while it is
upregulated in the dermis. Re-epithelialization begins at the time when Cx43 levels decline
(Wang et al., 2007). Increased Cx43 and GJIC activity in diabetic fibroblasts correlate to
decreased proliferation (Abdullah et al., 1999). Overexpression of Cx43 in human diabetic
foot ulcers promotes fibroblast migration and contributes to impaired wound healing
(Mendoza-Naranjo et al., 2012). Interestingly, a Cx43 antisense-oligodeoxynucleotide
strategy has demonstrated increased re-epithelialization (Qiu et al., 2003; Wang et al., 2007).
In fact, a clinical trial of Cx43-based peptide has recently launched in chronic diabetic foot
ulcer patients (Grek et al., 2015a).

Cx43 is the predominantly expressed connexin in granulosa cells, and decreases in cumulus
cell-enclosed oocyte in diabetic mice (Ratchford et al., 2008). Cx43 is also the most
dominant connexin expressed in the blastocyst period (Hardy et al., 1996). Additionally, a
high level of Cx43 expression in germ cells of healthy rats is indicative of high fertilization
rate (Aktug et al., 2013). Moreover, Cx43 expression in human cumulus cells is correlated
with pregnancy outcome during /n vitro fertilization (Winterhager and Kidder, 2015). These
clues may help elucidate the mechanisms of diabetic infertility involving cell-cell
communication. Refer to Table 2 for a summary on differential changes in connexins in
diabetes.

Disruption of retinal vascular homeostasis involving compromised GJIC activity is
associated with the development and progression of DR. Studies have demonstrated that
Cx43 is abundantly expressed in the retina (Janssen-Bienhold et al., 1998), contributing to
the maintenance of the blood retinal barrier (BRB) and plays a central role in retinal
vasculature homeostasis (Figueroa et al., 2004). Furthermore, endothelial cells and pericytes
possess gap junctions and exhibit junctional transfer both /n vitro (Larson et al., 1990) and /n
vivo (Little et al., 1995; Oku et al., 2001). In addition, morphometric analysis of human
retinal capillaries by electron microscopy has shown that endothelial cells and pericytes
come in contact with each other through thinned regions of the basement membrane
(Carlson, 1989). Interestingly, a study demonstrated that advanced glycation end products
downregulated Cx43 expression in a dose-dependent manner and mainly through reduced
Cx43 transcription, suggesting that hyperglycemic stress may interfere with the connexin
synthesis (Wang et al., 2011). To better understand how HG impacts connexin expression
and its functionality in the context of microvascular endothelial cells, a study was
undertaken to determine whether HG condition alters expression of endothelial-specific
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connexins (Cx37, Cx40, and Cx43), connexin phosphorylation pattern, and GJIC activity in
microvascular endothelial cells (Sato et al., 2002). A significant downregulation of Cx43
expression at both the mRNA and protein levels in cells grown in HG conditions was
observed; however, Cx37 and Cx40 expression levels were not altered by HG. In addition,
three forms of Cx43 were identified using alkaline phosphatase and Western blot analyses: a
non-phosphorylated form (P0) and two phosphorylated forms (P1 and P2) and all three
forms were downregulated by HG condition. Immunofluorescence microscopy revealed
reduced Cx43 plaques, or sites of contact between adjacent cells, in cells grown in HG
medium. Furthermore, these cells exhibited reduced GJIC activity, which was correlated
with decreased Cx43 expression (r=0.9). This study showed for the first time that HG
condition not only impaired Cx43 synthesis but also compromised its functional GJIC
activity in microvascular endothelial cells (Sato et al., 2002). A study supporting these
findings was reported by Fernandes et al. (2004) showing that HG reduces Cx43 expression
not only at the transcriptional level but also through accelerated degradation of Cx43 by a
proteasome-dependent mechanism, leading to endothelial cell dysfunction associated with
the breakdown of the BRB in DR (Fernandes et al., 2004). Interestingly, intracellular
trafficking of Cx43 from the cytoplasm to the cell surface may also play a critical role in
maintaining functional GJIC activity. Under HG condition, intracellular trafficking of Cx43
was compromised in retinal endothelial cells (Stottrup and Roy, 2012), thereby disrupting
the docking of hemichannels and thus inhibiting GJIC activity.

While studies have established that HG reduces Cx43 expression and thereby inhibits cell-
cell communication, the direct consequences of compromised GJIC activity are not well
understood. Previous studies have reported that changes in GJIC activity can impact cell
survival and also promote apoptosis (Krysko et al., 2004; Nakase et al., 2003; Yasui et al.,
2000). To determine whether HG-induced Cx43 downregulation and impaired GJIC activity
impact cell survival, microvascular endothelial cells grown in HG condition or transfected
with antisense-Cx43 oligonucleotides were assessed for apoptosis (Li and Roy, 2009).
Interestingly, DNA ladder assay, Terminal Deoxynucleotidyl Transferase-Mediated Uridine
5’-Triphosphate-Biotin Nick End Labeling (TUNEL) assay, and differential dye staining
assay revealed that there was a significant increase in the number of apoptotic cells in both
cells grown in HG and in cells treated with antisense-Cx43 oligonucleotides that exhibited
reduced Cx43 expression, lower number of Cx43 plaques and compromised GJIC activity. In
addition, cells treated with B-GA, a GJIC inhibitor, showed accelerated apoptosis compared
to that in control cells. These findings demonstrated for the first time that a specific
downregulation of Cx43 expression alone concomitant with reduced GJIC activity promotes
the development of apoptosis in microvascular endothelial cells. Likewise, HG-induced
Cx43 downregulation may be one of the mechanisms that trigger apoptosis associated with
the development of DR. The exact mechanisms by which HG promotes retinal vascular cell
apoptosis are not fully understood. However, this phenomenon may be explained at the level
of gap junction activity. Retinal vascular cells connected to each other by gap junction
channels exchange various ions and small metabolites including cAMP, Ca2*, and other
necessary molecules essential for cell survival, growth, proliferation, and regulation of
homeostasis (Andrade-Rozental et al., 2000; Vinken et al., 2006). Therefore, maintenance of
GJIC activity is, at least in part, necessary for retinal endothelial cell survival.
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In addition to its conventional role in maintaining GJIC activity, Cx43 proteins have been
implicated in regulating tight junction barrier characteristics. Findings from previous studies
underscore the functional interdependences between Cx43, a gap junction protein, and ZO-1
and occludin, tight junction proteins (Laing et al., 2005; Nagasawa et al., 2006). While ZO-1
(Gardner, 1995) and Cx43 expression levels (Fernandes et al., 2004; Li and Roy, 2009; Sato
et al., 2002) are reduced under HG conditions, the molecular interaction and functional
relationship between these gap junction and tight junction proteins are not well understood.
Therefore, a study was performed to determine whether HG-induced Cx43 downregulation
alters occludin and ZO-1 expression in rat retinal endothelial cells (RRECs), and
consequently impact their barrier characteristics (Tien et al., 2013). In RRECs,
immunostaining assay revealed an extensive network of Cx43 localization near the cell
surface (Figure 2). Western blot analysis revealed that both cells grown in HG medium or
cells transfected with Cx43 small interfering RNA (siRNA) exhibited reduced Cx43
expression. More importantly, this reduction in Cx43 expression is associated with reduced
Z0-1 and occludin expression. Decreased expression of these tight junction proteins is
concomitant with increased cell monolayer permeability, indicative of impaired tight
junction barrier functionality. In addition, Cx43 downregulation mediated by HG or using a
Cx43 siRNA strategy results in loss of GJIC activity. Interestingly, plasmid-mediated Cx43
upregulation has a protective effect in preventing HG-induced excess cell monolayer
permeability. Findings from this study suggest that reduced Cx43 level exacerbates cell
monolayer permeability, at least in part, by reducing ZO-1 and occludin protein expression
and compromising their barrier functionalities. Taken together, maintaining Cx43 levels is
necessary not only in regulating GJIC activity, but also in strengthening barrier
characteristics associated with tight junction proteins.

VEGF, the primary angiogenic cytokine known to drive vasopermeability in DR, is also
involved in altering junctional complexes such as gap junctions or tight junctions. Several
retinal cell types including endothelial cells, pericytes and RPE cells release VEGF in
response to hypoxia, leading to angiogenesis and vascular hyperpermeability (Miller et al.,
2013). Interestingly, VEGF was found to disrupt GJIC by phosphorylating Cx43 via
activation of MAP kinase in endothelial cells (Nimlamool et al., 2015; Suarez and Ballmer-
Hofer, 2001). Specifically, diabetes-induced elevation of VEGF can result in activation of
PKC, which can subsequently increase phosphorylation of Cx43, ZO-1, and occludin
(Antonetti et al., 1999; Nimlamool et al., 2015). Increased phosphorylation of ZO-1 and
occludin can promote vasopermeability while phosphorylated Cx43 can lead to decreased
GJIC and eventually apoptosis. However, further studies are necessary to elucidate the
relationship between VEGF and connexin channels in the context of DR.

In addition to Cx43, it has been reported that a novel retinal connexin called Cx30.2, also
known as gap junction protein delta 3 (GJD3), may be involved in facilitating GJIC activity
(Muller et al., 2010). Cx30.2 shares 79% identical residues and 84% similar residues with
human Cx31.9 protein (Nielsen and Kumar, 2003). Furthermore, it is expressed in the heart,
vascular smooth muscle, testes, brain, (Nielsen and Kumar, 2003) and retina (Muller et al.,
2010). In the mouse retina, Cx30.2 was shown to regulate cell-cell coupling between retinal
ganglion cells and amacrine cells (Muller et al., 2010). While Cx30.2 was reported to be
expressed in the vasculature of different tissues, the effect of HG or the diabetic milieu on

Prog Retin Eye Res. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roy et al.

Page 18

Cx30.2 expression and its functional activity was not well known. Therefore, a study was
conducted to determine whether Cx30.2 is expressed in the retinal vasculature and whether
its expression and/or activity are altered by HG condition. Additionally, Cx30.2 —/-
knockout mice are used to assess whether Cx30.2 deficiency promotes the development of
AC and PL in the retinas of Cx30.2 —/— mice. Cx30.2 expression was identified both in
retinal endothelial cells /n vitroand in vascular cells of mouse and rat retinal capillaries /n
vivo (Manasson et al., 2013). Similar to findings on Cx43, retinal endothelial cells grown in
HG medium exhibited reduced Cx30.2 expression, decreased Cx30.2 plaques, and
consequently had reduced GJIC activity compared to those grown in N medium.
Interestingly, when cells grown in N medium were transfected with Cx30.2 siRNA, reduced
GJIC activity was observed. Furthermore, retinas of Cx30.2 —/- mice exhibited a significant
increase in the number of AC and PL. These findings indicate that downregulating Cx30.2
alone is sufficient to compromise GJIC activity and thereby trigger retinal vascular cell
death associated with DR. This also highlights the fact that not only one form of connexin is
altered in HG or diabetic condition but rather a network of connexin subtypes are altered,
which can ultimately contribute to the disruption of retinal vascular homeostasis.

An event early in the course of DR is the loss of pericytes (Cogan et al., 1961), which are
cells positioned on the abluminal surface of a retinal vessel. Gap junctions provide direct
intercellular connections and allow cell-cell communication between the membranes of
endothelial cells and pericytes (Bergers and Song, 2005; Hirschi and D'Amore, 1996).
Additionally, a study by Oku et al. reported that shortly after the onset of STZ-induced
diabetes in rats, cell-cell coupling was markedly reduced in retinal pericytes, assessed using
a gap junction-permeant tracer, Neurobiotin, and analyzed by immunohistochemical and
electrophysiological methods (Oku et al., 2001). However, not much is known on which
family of connexins is impacted by diabetes and whether HG condition interferes with
connexin synthesis. Therefore, a study was performed to investigate whether HG condition
alters Cx43 expression and compromise GJIC activity in retinal pericytes. There was a
significant downregulation of Cx43 expression in human or bovine retinal pericytes grown in
HG condition while Cx37 and Cx40 levels were not altered (Li et al., 2003). Furthermore,
there was a marked reduction in the relative number of Cx43 plaques between adjacent
pericytes in HG condition. Similarly, when pericytes and endothelial cells were co-cultured,
the number of Cx43 plaques was reduced in HG condition compared to those grown in
normal glucose medium. Moreover, cells with decreased Cx43 levels exhibited reduced
GJIC activity in retinal pericytes. Taken together, these results demonstrate that HG
condition downregulates Cx43 expression and compromises GJIC activity in pericytes as
well as in endothelial cells.

Studies indicate that vascular cells may not be the only cells affected by diabetes in the
retina. Muller cells, the principal glial cells of the retina, are also known to be affected by
diabetes. These cells span the entire thickness of the retina from the inner limiting
membrane to the outer limiting membrane, perform diverse functions (Sarthy et al., 1998),
and their processes ensheath retinal neurons. Electron microscopy revealed Miller cell
processes often wrap around the retinal vasculature (Hollander et al., 1991). Importantly,
these cells form end feet on retinal capillaries (Distler and Dreher, 1996) and therefore can
interact with the vascular cells. End feet of retinal Miller cells are known to participate in
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mediating potassium (Brew et al., 1986), which could compromise Miller cell activity
associated with DR. Additionally, aquaporins, present in the end feet of retinal Mdiller cells,
maintain the balance of water-electrolyte metabolism and are altered in diabetes (Zhang et
al., 2011). In particular, increased aquaporin4 level in Maller cells is known to promote
apoptosis (Da and Verkman, 2004). A key function of Muller cells is the release of
glutamate via vesicular exocytosis, which is part of an autocrine glutamatergic-purinergic
signaling cascade that prevents osmotic swelling of the cells (Reichenbach and Bringmann,
2013). In addition, Mller cells contribute to the maintenance of the inner BRB (Choi and
Kim, 2008) as Miiller cells share the ability of astrocytes to induce the formation of barrier
properties by vascular endothelial cells, and Muller cells play a major role in the formation
of barrier properties in retinal vessels (Tout et al., 1993). Furthermore, studies report that HG
condition promotes retinal Muller cell apoptosis in both /n vitroand in vivo models of DR
(Xi et al., 2005; Yego et al., 2009). Since glial cells impart barrier properties in retinal
vascular cells, HG- or diabetes-induced retinal Muller cell death could lead to a loss of
endothelial cell barrier properties (Barber et al., 1998). Moreover, a study reported that
under hypoxic condition, Miller cells secrete VEGF that can induce MMP-2 expression and
activity thus promoting retinal neovascularization in proliferative DR (Rodrigues et al.,
2013), suggesting that there is a complex interplay between retinal Mdiller cells and the
retinal vasculature.

A study using confocal microscopy demonstrated that the Miiller cells were in close
apposition with one another at every level of the retina. However, Cx43 immunoreactivity
was heaviest at the outer limiting membrane, where the apical processes of Mller cells are
located (Ball and McReynolds, 1998). Cx43 is the major gap junctional protein between
Mdiller cells in lower vertebrates (Sohl et al., 2000). Additionally, Cx43 immunoreactivity
was detected in Mller cells labeled with glutamine synthetase in human retinas (Kerr et al.,
2010). Furthermore, as connexin hemichannels are involved in the release of ATP from
murine Miller cells, calcium signaling appears to be involved in trafficking of connexin
hemichannel-containing vesicles towards the plasma membrane and/or in the calcium-
dependent opening of connexin hemichannels (Bruckner et al., 2012).

Muiller to Muller cell communication through Cx43 channels has been shown to be
necessary for their survival. (Zahs and Ceelen, 2006). Muller cell processes can wrap around
retinal blood vessels and thereby make frequent contacts with pericytes, which are located
abluminally on the vessels (Hosoya and Tomi, 2005). While studies have demonstrated that
Muiller cells communicate to Muller cells and other cells via gap junction channels, not
much was known whether HG condition influences Cx43-mediated GJIC activity between
Muiller cells and vascular cells. Therefore, a study was conducted to investigate whether HG
alters Cx43 expression and GJIC activity in retinal Muller cells, and promotes Miiller cell
and pericyte apoptosis. In this study, rMC-1, an immortalized Muller cell line isolated from
adult rat retina (Sarthy et al., 1998), was grown as a monoculture in normal or HG condition.
Additionally, to determine whether reduced Cx43 level in retinal Miller cells affect retinal
vascular cells, rMC-1 transfected with Cx43 siRNA were co-cultured with pericytes. In
parallel, rMC-1 transfected with Cx43 plasmid were grown in HG. In monocultures of
rMC-1 and co-cultures of rMC-1 and pericytes, Cx43 protein expression, number of Cx43
plaques, GJIC activity, and AKT phosphorylation were significantly reduced by HG.
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Number of TUNEL-positive cells was also significantly increased in rMC-1 monocultures
and in rMC-1 and pericyte co-cultures grown in HG medium, indicating increased HG-
induced apoptosis. Importantly, when rMC-1 transfected with Cx43 siRNA were grown as
co-cultures with pericytes, a significant decrease in GJIC activity, and increase in TUNEL-
positive cells was observed, concomitant with decreased AKT phosphorylation.
Interestingly, upregulation of Cx43 by transfection with Cx43 plasmid rescued rMC-1 from
HG-induced apoptosis. This study demonstrated for the first time that retinal Muller cells
grown in HG medium exhibit reduced numbers of Cx43 gap junctions at the site of contact
between adjacent Muller cells. Furthermore, HG reduces Cx43 expression and the number of
Cx43 plagues in Muller cells and in co-cultures of Muller cells and pericytes. Consequently,
GJIC activity is significantly reduced in monocultures of Muller cells as well as in co-
cultures of Miller cells and pericytes under HG condition. These results provided the first
evidence that communication among Muller cells and between Mdller cells and pericytes is
compromised under HG condition. Furthermore, compromised GJIC activity promoted
apoptosis in these cells, similar to previous reports in retinal vascular cells. Therefore,
targeting HG-induced abnormal Cx43 downregulation in retinal Muller cells may provide
beneficial effects against the disruption of neurovascular homeostasis associated with DR.

In addition to retinal Muller cells, studies suggest that astrocytes may contribute to the
pathogenesis of DR. Specifically, the close proximity of astrocytes to the retinal vasculature
and ganglion cell layer, two cell types known to be altered during diabetes, in addition to
their role in retinal blood vessel formation, neurovascular coupling, and modulation of
pathologic neovascularization, makes them a critical regulator of early diabetic retinal
change. Given their role in retinal neuronal and blood vessel function, and the finding that
they are lost early in diabetes, astrocytes may play an early and essential role in the
development of neuronal dysfunction before overt retinal vessel changes in DR. In addition,
gap junction coupling between retinal astrocytes and retinal Muller cells has been
established by the intercellular transfer of gap junction permeant tracers (Zahs and Ceelen,
2006; Zahs and Newman, 1997).

Moreover, Cx43 is the predominant gap junctional protein between astrocytes in higher
vertebrates (Sohl et al., 2000). Cx43 immunoreactivity was also present in the human retina
on glial fibrillary acidic protein-positive astrocytes in the retinal ganglion cell layer (Kerr et
al., 2010). Cx43 is expressed primarily on astrocyte processes surrounding blood vessels and
chemical synapses, helping in the maintenance of local homeostasis by redistributing excess
extracellular K* ions through the cytoplasm to a network of bordering astrocytes connected
by gap junctions (Nagy et al., 1996). However, it is not well understood whether HG or
diabetes affects the connexin channels in retinal astrocytes. A study by Ly et al. (2011)
aimed to investigate whether astrocytes may play an early role in the development of DR (Ly
et al., 2011). Findings from the study indicated that retinal astrocyte Cx26 and Cx43 mRNA
and protein expression decreased after 4 weeks of STZ-induced diabetes in rat retinas,
before significant astrocyte loss. Concurrently, the retina became hypoxic, with increased
HIF-1a expression in the ganglion cell layer. These events led to a decrease in ganglion cell
function. Early changes in astrocytes are associated with inner retinal hypoxia and ganglion
cell functional deficits. In parallel, retinal Muller cell gliosis and more extensive decreases in
neuronal function were observed at a later time point in the development of DR
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pathophysiology. Moreover, a study by Gandhi et al showed that HG and diabetes impair
gap junctional communication in brain astrocytes, at least in part, by downregulation of
Cx43 expression (Gandhi et al., 2010). These findings suggest that diabetes-mediated
downregulation of Cx43 channels compromise gap junction formation between astrocytes,
hindering cell-cell communication, and thereby inhibiting cell survival ultimately leading to
astrocyte loss seen early in diabetes. Furthermore, findings suggest that astrocytes may play
an early and critical role in changes in retinal vasculature and inner retinal dysfunction in
diabetes (Ly et al., 2011).

Altered connexin expression in diabetes is known to contribute to complications in pancreas,
heart, liver, perineurium, kidney, bladder, and other tissues (Hamelin et al., 2009; Inoguchi et
al., 2001; Makino et al., 2008; Pitre et al., 2001; Poladia et al., 2005; Wright et al., 2012;
Zhang and Hill, 2005). More specifically, Cx43 deficiency was associated with increased
apoptosis in Cx43 +/- mice, and in tissues of Cx43 null mice (Furlan et al., 2001; Nakase et
al., 2003; Nakase et al., 2004). However, currently the role of Cx43 in promoting vascular
lesions in the diabetic retina is unclear. Therefore, a study was performed to investigate
whether diabetes alters Cx43 and thereby promotes retinal vascular cell loss associated with
DR. STZ-induced diabetic mice and Cx43 +/— mice were used as animal models to directly
determine whether diabetes reduces Cx43 expression in the retina, and to assess the
consequence of reduced Cx43 levels in retinal vascular cell loss by apoptosis (Bobbie et al.,
2010). The retinal capillary networks of both diabetic and Cx43 +/- mice exhibited
decreased Cx43 expression as well as reduced Cx43 immunostaining compared to those in
control mice retinas. Interestingly, both the diabetic and Cx43 +/— mouse retinas revealed an
increase in the amount of acellular capillaries (AC), pericyte loss (PL), and TUNEL-positive
cells, indicating signs of accelerated vascular cell loss by apoptosis. These findings
demonstrate that diabetes reduces Cx43 expression in the retina and thereby this reduction in
Cx43 level promotes the development of AC and PL by apoptosis associated with DR.

While the retinal vascular endothelium forms the inner BRB, the RPE cells form the outer
BRB. Furthermore, the RPE cells are known to be altered in DR (Xu et al., 2011). In chronic
hyperglycemic stress, the RPE cells may undergo slow and progressive degradation, leading
to compromised outer BRB and central vision loss. Importantly, the tight junctions located
in the apical side of RPE cells regulate barrier characteristics. However, the ultrastructural
integrity of the tight junctions is compromised by diabetes in the RPE, leading to excess
vascular leakage (Xu et al., 2011). Interestingly, most gap junctions are located within the
tight junction in RPE cells, suggesting that gap junction-tight junction interactions may be of
importance in RPE (Rizzolo et al., 2011). Specifically, strong Cx43 immunoreactivity and
extensive gap junction expression were noted in the RPE of human retinas (Kerr et al.,
2010). Furthermore, Cx43 contributes to RPE differentiation via cAMP signaling (Kojima et
al., 2008). In addition, HG significantly reduced the total cellular Cx43 level (Losso et al.,
2010; Malfait et al., 2001) and compromised GJIC activity in rat RPE cells (Himpens et al.,
1999; Losso et al., 2010). Interestingly, a compound called trans-resveratrol was found to
protect the RPE cells against HG-induced inflammation, HG-induced Cx43 downregulation
and GJIC degradation (Losso et al., 2010). Therefore, targeting Cx43 downregulation in the
RPE cells may be of therapeutic value to maintain retinal homeostasis and to regulate the
outer BRB.
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Previous studies have demonstrated that downregulation of Cx43 plays a crucial role in
promoting vascular cell apoptosis and excess cell monolayer permeability (Li and Roy,
2009; Tien et al., 2013). To confirm whether these findings are present 7 vivo, a study was
conducted to investigate whether diabetes-induced or sSiRNA-mediated Cx43 downregulation
contributes to the development of AC, PL, and vascular leakage in rat retinas (Tien et al.,
2014). Results indicated that there was a significant decrease in Cx43 protein level and Cx43
immunostaining in the retinas of diabetic rats and those intravitreally injected with Cx43
SiRNA compared to the retinas of control rats. Interestingly, Cx43 downregulation seen in
the diabetic rats and rats intravitreally injected with Cx43 siRNA were concomitant with an
increase in the number of AC, PL, TUNEL-positive cells, retinal thickness, and vascular
leakage compared to those of control rats. These results demonstrated for the first time that
downregulation of Cx43 expression alone is sufficient to promote apoptosis in the retinal
vascular cells, which is subsequently evident as ACs and PL in the diabetic retina.
Furthermore, directly inhibiting Cx43 expression in rat retinas induced vascular leakage in
the retinal capillary networks. These findings suggest that diabetes-induced Cx43
downregulation directly compromises retinal vascular cell survival and contributes to the
breakdown of BRB, ultimately promoting the development of retinal vascular lesions
associated with DR.

Several studies indicate that Cx43 downregulation contributes to development of AC and PL
associated with DR. These studies are based on various animal models including animal
models of diabetes (Bobbie et al., 2010; Tien et al., 2014) namely Cx43 +/- mice and STZ-
induced diabetic mice. Only recently a study investigating the role of Cx43 in human DR
revealed an association between abnormal Cx43 levels in the retina and the developments of
retinal vascular lesions in DR (Tien et al., 2016). Specifically, the study focused on
understanding whether altered Cx43 expression and reduced GJIC promotes retinal vascular
lesions in the human diabetic retina. Donor eye samples represented specific stages in the
development of DR. Retinal tissues from human donor eyes of diabetic individuals were
compared to those of non-diabetic individuals for assessment of Cx43 plaques, AC, and PL,
characteristic hallmarks of DR. Results indicated that Cx43 protein expression was
significantly reduced in the diabetic retinas compared to non-diabetic retinas. Additionally, a
significant decrease in the number of Cx43 plaques per unit length of retinal capillaries was
observed in the diabetic retinas. Similarly, the number of AC and PL was significantly
increased in diabetic retinas compared to those in non-diabetic retinas. A strong inverse
relationship between retinal Cx43 protein expression and the relative number of AC and the
relative number of PL was reported. The results of this study showed for the first time that
Cx43 expression is downregulated in human diabetic retinas, and that the extent of Cx43
downregulation influences the severity of retinal vascular lesions. This underscores the
importance of cell-cell communication and maintenance of retinal vascular homeostasis.
Moreover, enhancing Cx43 synthesis by a plasmid approach showed promising results as did
pharmaceutical agents that improve cell coupling. Therefore, improvement of cell-cell
coupling in the retinal capillaries may represent a novel therapeutic strategy in preventing
retinal vascular cell death in DR (Table 3, Figure 3). Taken together, these studies provide
evidence that HG may affect Cx43 at various stages of its connexin life cycle (Figure 4).
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5. Role of mitochondrial Cx43 (mtCx43) in DR

The functional role of mtCx43 in different cell types, and how it may affect pathological
development in diseases is not well understood. The presence of Cx43 in the mitochondria
of various cell types has gained attention only recently (Azarashvili et al., 2011; Kiec-Wilk
et al., 2012; Kowluru, 2005; Ma et al., 2012; Miro-Casas et al., 2009; Nishikawa and Araki,
2007; Rottlaender et al., 2010). Inhibition of mtCx43 expression is known to influence
mitochondrial metabolism, and thereby play a role in the initiation of apoptosis (Wasilewski
and Scorrano, 2009). Increased mtCx43 is associated with ischaemic preconditioning and
cardioprotection, likely through regulation of mitochondrial ion homeostasis and swelling
(Schulz et al., 2007). Additionally, a study indicated mtCx43’s involvement in apoptosis
initiation, where inhibition of mtCx43 channels promoted Ca%* and cytochrome c release
from myocyte mitochondria (Goubaeva et al., 2007). Studies have shown localization of
Cx43 in the mitochondria and investigated how HG affects mtCx43 expression, and whether
altered mtCx43 channel activity is involved in promoting apoptosis in retinal endothelial
cells. MtCx43 localization was determined using immunostaining, green fluorescent protein-
tagged Cx43 followed by confocal imaging, and Western blot analysis using mitochondrial
protein from retinal endothelial cells. The results indicated mtCx43 channel inhibition
affects mitochondrial morphology. Western blot analysis performed with protein fractions
containing inner and outer mitochondrial membrane indicated Cx43 to be predominantly
localized in the inner mitochondria membrane. Similar reports confirmed Cx43 to be
localized at the inner membrane of myocardial subsarcolemmal mitochondria (Boengler et
al., 2012; Soetkamp et al., 2014). When mitochondria isolated from these cells were treated
with B-glycyrrhetinic acid (-GA), an inhibitor of connexin channels, this resulted in
increased cytochrome c release. Furthermore, blockage of mitochondrial connexin channels
resulted in mitochondrial fragmentation. Although the exact role of mtCx43 in retinal
vascular cells remains unclear, a recent study indicated that mtCx43 confers cardioprotection
by reducing cytosolic and mitochondrial reactive oxygen species production, mitochondrial
calcium overload, mitochondrial membrane depolarization, and cytochrome c release, and
thereby play an important role in the protection of cardiac cells (Pecoraro et al., 2015).
Additionally, since inhibition of mtCx43 affects mitochondrial respiration in cardiomyocytes
(Boengler et al., 2012), it is possible that HG-induced reduced oxygen consumption in
retinal vascular cells (Trudeau et al., 2010; Trudeau et al., 2011) may be linked to decreased
mtCx43. Overall, these findings indicate that HG-induced downregulation of mtCx43
protein contributing to decreased Cx43 channel activity, altered mitochondrial morphology,
and cytochrome c release. This could provide a framework for a novel mechanism
underlying apoptotic retinal vascular cell death in DR.

6. Effect of HG or diabetes on Cx43-Cx40 and Cx43-Cx37 heterotypic gap

junctions

Cx43, Cx40, and Cx37 are vascular specific connexins (De Maio et al., 2002; Foote et al.,
1998; Guldenagel et al., 2000) and Cx43 amongst the three is the most abundantly expressed
connexin in the microvascular endothelial cells (Janssen-Bienhold et al., 1998; Sohl et al.,
2000). The docking of dissimilar connexons results in the formation of heterotypic gap
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junctions and it is likely that differential expression of different connexins influences the
formation of heterotypic gap junctions. We have studied the localization, distribution, and
expression of heterotypic gap junctions, Cx43/Cx40 and Cx43/Cx37, in rat microvascular
endothelial cells, and examined whether the distribution of heterotypic gap junctions and
whether the ratio of the connexons is altered by HG condition. Results suggested that in
cells grown in normal medium, the ratio of Cx43 to Cx40 plaque count was approximately
60:40 i.e. 1.6 (600£48 vs 370+75, p<0.05); and the ratio of plaque count for Cx43 to Cx37
was 65:35 i.e. 1.9 (540+40 vs 300£12, p<0.05) indicating that the contribution from Cx43
plaques is significantly higher than those of either Cx40 or Cx37 (Figure 5). When cells
were grown in HG medium, the ratio of Cx43 to Cx40 and that of Cx43 to Cx37 were
reduced to 55:45 i.e. 1.2 (384+35 vs. 318+20, p<0.05) and 55:45 i.e. 1.2 (360+42 vs
300£24, p<0.05), respectively. The number of Cx43/Cx40 heterotypic gap junctions in cells
grown in HG medium significantly decreased (Cx43/Cx40: 6.4+2.0 vs 2.1+1.0, p<0.05).
Additionally, the distribution pattern of the immunofluorescent plaques of Cx40 and Cx37
was different from that of Cx43. The Cx43 plaques primarily localized at the cell surface,
whereas Cx40 and Cx37 were present within the cells. Furthermore, the number of Cx43/
Cx40 heterotypic gap junctions was reduced in microvascular endothelial cells transfected
with antisense Cx43 oligonucleotides (Figure 6) suggesting that reduction in the expression
of Cx43 has a direct effect on the formation of heterotypic gap junctions between Cx43 and
Cx40. In conclusion, the result suggests that HG may significantly affect the presence of
heterotypic gap junctions, in particular, Cx43/Cx40, in microvascular endothelial cells.

As a follow up to the studies using HG cell culture model, experiments were carried out to
determine whether reduced Cx43 expression in Cx43+/— knockout mice affects Cx43/Cx40
colocalization and the number of heterogeneous gap junctions in vascular cells of retinal
capillaries. Results indicate that Cx43+/- mice exhibit reduced number of heterogeneous
gap junctions in vascular cells of retinal capillaries. Since diabetes or HG has been shown to
downregulate Cx43 expression and GJIC, this study provides insight into how
hyperglycemia might influence the formation and functionality of heterotypic gap junctions
in the vasculature of diabetic retinas. Western Blot analysis exhibited significant Cx43
downregulation in the Cx43+/— mice compared to that of control mice (52+7% of control,
p<0.05). In addition, Cx43+/- mice exhibited reduced Cx43 immunostaining in the retinal
vessels compared to that of control mice (53+£7% of control, p<0.05) while there was no
change in Cx40 immunostaining (93+9% of control). Furthermore, Cx40 localization
showed a more pericellular appearance than that of Cx43 (Figure 7). Cx43+/— mice also
expressed reduced number of Cx43/Cx40 heterogeneous gap junction plaques compared to
those of control mice (42+22% of control, P=0.001; Figure 8). The finding from this study
indicates that modulation of Cx43 expression can directly affect the number of Cx43/Cx40
heterogeneous gap junction plaques, and that Cx43 expression regulates the formation of
Cx43/Cx40 heterogeneous gap junctions in the retinal capillaries. In conclusion, the
decrease in the number of Cx43/Cx40 heterotypic gap junctions under HG condition may
affect exchange of specific metabolites and contribute to disruption of vascular homeostasis
associated with DR. Further study is necessary to identify specific cellular and biochemical
changes mediated by reduced number of heterotypic gap junctions and their impact on the
pathogenesis of DR.
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7. Current therapeutic strategies targeting connexins, gap junctions and

hemichannels

There are several strategies in the development of potential therapeutics targeting connexins,
gap junctions and hemichannels. The target strategies include the enhancement of GJIC and
the inhibition of aberrant opening of hemichannels. The earlier, less-specific strategy was the
use of chemicals to upregulate GJIC, e.g., in the treatment of cancer including retinoids,
vitamin D, carotenoids, and cAMP (Trosko and Chang, 2001). Later, more specific
approaches have been developed including siRNA and short peptides with specific
sequences homologous to intracellular and extracellular connexin domains, termed connexin
mimetic peptides (lyyathurai et al., 2013). ACT1 peptide targeting a portion of Cx43 C-
terminus enhances GJIC for potential therapies in wound healing and cancer (Grek et al.,
2015a; Grek et al., 2015b). Given that connexin hemichannels operate independently of gap
junctions and also serve different roles in cell physiology and pathology, several peptides
that target to extracellular loop regions of Cx43 have been developed and some of them
exhibit stronger inhibitory effects against hemichannels than GJIC. Mimetic peptides,
GAP26 and GAP27, are widely studied for their relevance to the E1 and E2 loop domains,
respectively. These two peptides inhibit hemichannel activity and permeability in 3—-4 min,
while the significant inhibitory effect on GJIC inhibition takes much longer, over 30 min
(Desplantez et al., 2012; Evans et al., 2012; lyyathurai et al., 2013; Wang et al., 2012).
Another peptide, Peptide5 has been reported that closes hemichannels at order of magnitude
lower concertation than other peptides such as Gap26 and Gap27 (O'Carroll et al., 2008).
Moreover, as described in the above Section 3.3, this peptide has been successfully applied
to /n vivo animal models, including DR (intravitreal and systemic, natural peptide, sustained
release and stabilized), dry form of age-related macular degeneration (intravitreal), spinal
cord injury (intrathecal and systemic delivery models), chronic pain, perinatal sheep brain
ischemia, preterm sheep asphyxia, etc. At the doses used for hemichannel blockage Peptide5
does not inhibit gap junction coupling (Kim et al., 2017). Currently several of Cx43 mimetic
peptides are under active, pre-clinical, clinical development and different stages of clinical
trials for multiple clinical indications, including skin and diabetic foot ulcers and eye
injuries.

The routes of delivery of connexin mimetic peptides to retina have been described. In a
paper by Danesh-Meyer et al., (2012), Cx43 mimetic peptide, Peptide5 is delivered into the
retina through intraperitoneal injection at the start of reperfusion using a retinal ischemic
model in rat (Danesh-Meyer et al., 2012). Blocking Cx43 hemichannels by this mimetic
peptide reduces vascular leakage and increases retinal ganglion cell survival after ischemic
injury. In another study, Peptide5 is similarly delivered via intraperitoneal injection in albino
rat model and this treatment reduces neuronal damages likely by reducing choroid
inflammation caused by light damage (Guo et al., 2016). The approaches for new peptide
drug formulation and delivery are reported in two papers; in the first paper, Cx43 mimetic
peptides are encapsulated into slow-release poly(lactic-co-glycolic) acid nanoparticles and
microparticles and a triphasic release is shown /n vitro with an initial burst release and
following a slow release (Chen et al., 2015b). The sustained intravitreal delivery with these
Cx43 mimetic peptide-containing nano- and microparticles increases retinal ganglion cell
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viability. In the second paper, Cx43 mimetic peptide is loaded into hyaluronic acid
nanoparticles coated with human serum albumin (Huang et al., 2017). HA-coated
nanoparticles enhance cell uptake and ex vivoretinal penetration mediated by the binding of
HA to CD44 receptor on the cell surface. Moreover, nanoparticle delivery stabilizes Cx43
peptide, sustains its release and prolongs its bioactivity. Recently, Cx43 mimetic peptide,
aCT1 is delivered to mouse retinal pigment epithelium via topical delivery through eye drop
in two mouse models (Obert et al., 2017). This peptide targets tight junction protein ZO-1,
enhances tight junction function, and reduces VEGF-dependent retinal pigment epithelial
dysfunction. Further studies are required to identify the specific mechanism of these
blocking peptides so that the specificity and binding Kinetics of these pharmacological
peptides can be well characterized. Antibody approach provides a more effective alternative
for specifically targeting hemichannels, not gap junctions due to the bulky size of the
antibody and potential inaccessibility of gap junctional plaques (Riquelme et al., 2013).
Moreover, antibody therapeutics offers several advantages over traditional chemical and
peptide drugs with regards to drug stability, specificity and lesser side-effects, which could
be one of the future directions for drug development targeting connexin and connexin
channels.

8. Conclusion / Future Directions

Background DR and its progression to proliferative stages are currently processes without
treatment. Despite progress in understanding the cellular and molecular events, a link
between compromised vascular homeostasis and development of early vascular lesions i.e.,
vascular cell loss and increased vascular leakage, in DR remains unclear. It is clear that GJIC
plays a critical role in the maintenance of vascular homeostasis in the retina. However, it is
unknown how diabetes compromises such cell-cell communication and what are the
consequences that lead to the pathogenesis of DR. Future research directions in this field
will certainly investigate the mechanistic underpinning(s) of reduced cell-cell
communication in diabetic retinal capillaries. The future challenge is to identify the specific
connexin subtype(s) and gap junctions and/or hemichannels that are affected under
hyperglycemia, given multiple connexins are expressed in the retina and endothelial cells.
Finally, identification of key molecules that traverse these connexin channels and play
critical roles in the development and progression of the retinal pathology would be important
for development of new therapeutic strategies in treating DR.
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Appendix A

Abbreviations used in the article.

AC Acellular capillaries

B-GA B-glycyrrhetinic acid

Prog Retin Eye Res. Author manuscript; available in PMC 2018 November 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roy et al. Page 27
BBB Blood Brain Barrier
BRB Blood Retinal Barrier
CNS Central Nervous System
Cx Connexin
DR Diabetic Retinopathy
GJiCc Gap Junction Intercellular Communication
HG High Glucose
mtCx43 Mitochondrial Cx43
PL Pericyte Loss
RPE Retinal Pigment Epithelial
rMC-1 Rat Retinal Muller Cells
RRECs Rat Retinal Endothelial Cells
SIRNA Small Interfering RNA
STZ Streptozotocin
TUNEL | Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling
VEGF Vascular Endothelial Growth Factor
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Figure 1. Schematic representation of a gap junction and a tight junction organization

Gap junction proteins, such as Cx43,

can directly interact with tight junction proteins and

thereby impact barrier characteristics.
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Figure 2. Cx43 localization in Rat Retinal Endothelial Cells (RRECs)
Images show Cx43 immunostaining in RRECs photographed through X, Y, and Z planes.
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Figure 3. Effects of diabetes- or HG-induced Cx43 downregulation in DR
Diabetes- or HG-induced Cx43 downregulation in retinal endothelial cells, pericytes, Miller

cells, astrocytes, and RPE cells ultimately lead to accelerated retinal cell death, impaired
retinal blood flow, increased ischemia, compromised BRB integrity, and angiogenesis,
altogether contributing to the development of DR.
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1. Connexin Synthesis
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Figure 4. HG affects Cx43 at various stages of connexin life cycle
HG is known to directly inhibit Cx43 synthesis (1), and thereby downregulate Cx43

expression. HG also alters post-translational modification and oligomerization (2) of
connexin subunits, hinders intracellular trafficking of connexin proteins to the cell surface
(3), affects connexon docking to form gap junction channels and channel gating (4) or
influences open vs close status of hemichannels. Hemichannel formation is impeded by HG,
causing a disruption in cell-extracellular retinal microenvironment. Eventually, HG
accelerates degradation of Cx43via ubiquitination (5). Dotted arrows indicate areas under
investigation.
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Figure 5. Cx43, Cx40, Cx37 immunostaining in RMECs grown in normal (N) or HG medium
(A) The number of immunostained Cx43 dots was reduced in cells grown in HG condition,

whereas those of Cx40 and Cx37 were not changed. Arrows indicate “yellow” dots
representing colocalization of Cx43/Cx40 or Cx43/Cx37 immunostaining. Note the number
of Cx43/Cx40 yellow dots is reduced in RMECs grown in HG medium. Corresponding to
bright field images are shown directly below the immunostained images. Cx37 distribution
is cytoplasmic and on the cell boundaries, compared to Cx43 and Cx40 distribution that was
mostly on the cell boundaries only. (B) Graphical representation of Cx43, Cx40, and Cx37
immunostaining observed as punctate “dots”. The number of Cx43 dots was reduced in HG
medium compared to those grown in N medium, while the number of Cx40 and Cx37 dots
showed no change. Furthermore, the number of Cx43/Cx40 heterotypic gap junctions was
reduced, whereas the number of Cx43/Cx37 did not change in cells grown in HG medium
compared to that of cells grown in N medium. *p<0.05, n=4.

Prog Retin Eye Res. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roy et al.

A

Cx40 Cx43

Cx43/Cx40

Page 48

K
L b

AsCx43 Random

I F
L F

*

AsCx43 Random

.

Normal AsCx43 Random
120
m 3, 100
X5
So 8
= €
E% 60
2 e 40
. =
0
120 -
o 3, 100 -
X5
gg 80 -+
0y
£5 %0
52 40 -
S& 5 ]
0
N
.\ h\ & 120_
<
3 3, 100 -
oo |
0o 80
3%
“65 60 4
) 8. ")
§§ 40 A
5% 20 4
[-%
0
N

Figure 6. Cx43 and Cx40 immunostaining in RMECs grown in normal (N) medium, and
transfected with antisense Cx43 (AsCx43) or random oligonucleotides

(A) Images showing Cx43, Cx40, and Cx43/Cx40 immunostaining in RMECs. The number
of Cx43 immunostained dots was reduced in cells transfected with AsCx43
oligonucleotides. Arrows indicate “yellow” dots representing colocalization of Cx43/Cx40
immunostaining. The number of Cx43/Cx40 heterotypic gap junctions was also reduced in
cells transfected with AsCx43 oligonucleotides. (B) Graphical representation of Cx43 and
Cx40 immunostaining. As expected, the expression of Cx43 was reduced in cells transfected
with AsCx43 oligonucleotides, and Cx40 showed no change. The observation that Cx43
expression was reduced by AsCx43 oligonucleotides but not the Cx40 expression,
demonstrates specificity of the AsCx43 oligonucleotides. * p<0.05, n=4. (C) Graphical
representation of the number of Cx43/Cx40 heterotypic gap junctions. The number of Cx43/
Cx40 heterotypic gap junctions was significantly reduced in cells transfected with AsCx43
oligonucleotides. *p<0.05, n=4.
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Figure 7. Immunofluorescence of Cx43 and Cx40 in WT and Cx43 +/- mice retinal capillary
networks

Cx43+/- mice compared to that of WT mice exhibited reduced Cx43 immunostaining in the
retinal vessels while Cx40 immunostaining showed no change. *p<0.05, n=4. Moreover,
Cx40 localization appeared more pericellular than that of Cx43, while Cx43 localization was
more on cell boundaries.
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Figure 8. Reduced Cx43/Cx40 heterotypic gap junction plaques in Cx43 +/- mice retinal

capillary networks

Page 50

WT

The number of Cx43/Cx40 heterogeneous gap junction plaques (indicated by arrows) was
significantly reduced in the Cx43+/— mice compared to those of WT mice. *p=0.001, n=4.
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Summary of recently published studies on impacts of HG or diabetes-induced changes on GJIC and

hemichannels

Connexin Cell/Tissue Results References

Cx43 T cells in non-obese Age-dependent loss of suppressor functions in T(regs) cells of NOD (Kuczmaet al.,

diabetic (NOD) mice mice is associated with reduced GJIC and Cx43. 2015)

Cx43 Pericytes and endothelial | Diabetic pericytes are unable to sustain EC growth arrest in coculture (Durham et al.,

cell (EC) and reduces Cx43. 2015)
Cx43 Rat retinal endothelial HG downregulates Cx43 and GJIC, and downregulated Cx43 reduces (Tien et al., 2013)
cells (RRECs) tight junction protein ZO-1; Cx43 and GJIC may be involved in
breakdown endothelial barrier in DR.
Cx30.2 Rat retinal endothelial HG reduces Cx30.2 protein and diminishes GJIC; Cx30.2 knockout (Manasson et al.,
cells (RRECs) increases acelluar capillaries and pericyte loss, suggesting 2013)
downregulation of Cx30.2 and GJIC in retinal vascular lesions in
early DR.
Cx43 Primary human dermal Cx43 mimetic peptide Gap27 enhances scrape-wound closure in (Wright et al., 2013)
fibroblasts diabetic conditions by inhibiting GJIC; irrespective of the
IGF-1:1GFBP-5 balance.
Cx43 Rat retinal endothelial HG downregulates Cx43 in mitochondria; inhibition of gap junctions (Trudeau et al.,
cells (RRECs) by B-GA induces mitochondrial fragmentation and increase 2012)
cytochrome c release.

Cx43 Fibroblasts from the HG increases Cx43 protein and GJIC, and represses filopodial (Mendoza-Naranjo
human chronic diabetic extensions and migration rates; upregulation of Cx43 in fibroblasts in etal., 2012)
foot ulcers (DFU) and DFUs correlates with inhibition of fibroblast migration.

NIH3T3 cells
Cx43 Human kidney (HK) 2 TGF-p1 induced EMT leads to loss of E-cadherin, and reduces Cx43 (Hills et al., 2012)
and human proximal and GJIC in the proximal tubules under diabetic conditions.
tubule cells

Cx37, Cx40 and
Cx43

Human omental arteries
and veins

In both vessels, responses to bradykinin are partially blocked by gap
junction inhibitor carbenoxolone. GJIC is involved in endothelium-
dependent hyperpolarizing (EDH) in response to bradykinin.

(Hammond et al.,
2011)

Cx26, Cx30 and

Astrocytes and brain

Reduced Cx30 and Cx43, not Cx26 are seen in cultured astrocytes by

(Ball et al., 2011)

tissue

proliferation in early passages, and similar response in late passages
and correlates with connexin hemichannel activity.

Cx43 tissues HG and in inferior colliculus of STZ-diabetic rats, not in cerebral
cortex, and decreased GJIC in astrocytes by HG.
Not specified Rabbit optic never head | ONH blood flow is decreased in diabetic, not healthy rabbits, with (Shibata et al., 2011)
(ONH) reduced ocular perfusion pressure (OPP); inhibition of GJIC by
octanol or Gap27 reduces ONH blood flow even in the healthy
rabbits.
Cx43 Ex vivo human skin Diabetic cells are less susceptible to Gap27 in cell migration and (Pollok et al., 2011)
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Table 2

Differential changes of connexins in diabetes, ocular diseases and DR

Page 52

Connexin

Ocular diseases

Diabetes affected tissues

Diabetic Retinopathy

References

Cx26

Keratitis-Ichthyosis-Deafness syndrome

Astrocyte ¥

(Mhaske, Levit et al. 2013)
(Ly, Yee et al. 2011)

Cx30.2

Endothelial cell |

(Manasson, Tien et al.
2013)

Cx32

Perineurium {

(Pitre, Seifert et al. 2001)

Cx37

Renin secreting cell ¥

QOocyte ¥

(Takenaka, Inoue et al.
2011)

(Ratchford, Esguerra et al.
2008)

Cx40

Coronary endothelial cell ¥

(Makino, Platoshyn et al.
2008)

Cx43

Oculodentodigital dysplasia

Brain astrocyte |
Inferior colliculus of brain |

Heart |

Aortic smooth muscle |
Bronchial epithelial cell ¢
Renal mesangial cell ¥
Renal collecting duct 1
Skin 1

Germ cell |

Penile corpora ¥

Detrusor smooth muscle 1

Detrusor interstitial cell ¥

Maller cell ¥
Endothelial cell |

Pericyte |

Astrocyte |
RPE cell {

(Huang, Shao et al. 2013)
(Gandhi, Ball et al. 2010)
(Ball, Harik et al. 2011)

(Lin, Ogawa et al. 2006,
Ball, Harik et al. 2011)

(Inoguchi, Yu et al. 2001)
(Yu, Yang et al. 2016)

(Zhang, Chen et al. 2006)
(Hills, Bland et al. 2009)

(Abdullah, Luthra et al.
1999, Sutcliffe, Chin et al.
2015)

(Aktug, Bozok Cetintas et
al. 2013)

(Suadicani, Urban-
Maldonado et al. 2009,
Traish, Stottrup et al. 2013)

(Suadicani, Urban-
Maldonado et al. 2009)

(Canda, Dogan et al. 2014)
(Muto, Tien et al. 2014)

(Sato, Haimovici et al.
2002, Fernandes, Girao et
al. 2004)

(Li, Sato et al. 2003,
Durham, Dulmovits et al.
2015)

(Ly, Yee et al. 2011)
(Losso, Truax et al. 2010)

Cx45

Sino-atrial node *

(Howarth, Nowotny et al.
2007)
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Connexin | Ocular diseases | Diabetes affected tissues | Diabetic Retinopathy | References
Cx46 | Congenital cataract | | | (Tong, Sohn et al. 2013)
(Berthoud, Minogue et al.

Cx50 |

Congenital cataract | |

2013)
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Table 3

Summary of recently published studies on effects of HG or diabetes on connexins

Page 54

upregulated by irreversibly glycated advanced glycation
end-products (AGE).

Connexin Cell/tissue Results References

Cx43 Airway epithelium HG decreases Cx43, disassociates Cx43 interaction with (Yuetal., 2016)
tight junction and increases permeabilityof airway
epithelial cells.

Cx43 Pericytes and endothelial cell (EC) Diabetic pericytes are unable to sustain EC growth arrest (Durham et al.,
in coculture and reduce Cx43. 2015)

Cx43 Foot Cx43 mimetic peptide ACT1 accelerates the healing of (Grek et al., 2015)
chronic diabetic foot ulcers in patients.

Cx43 Vascular endothelial cell(VSMC) Diabetes and hyperlipidemia-induced inflammatory (Lietal., 2015)
response upregulate the expression of Cx43 through
selective downregulation of miRNAs.

Cx43 Endothelia cells Cx43 expression is independent of shear stress and is (Maria et al., 2014)

Cx43 and Cx40

Heart of type 1 diabetes (T1D) rats
treated with streptozotocin (STZ)

Cx43 expression increases, distribution changes and
tyrosine phosphorylation decreases in STZ-induced
diabetic rats; Cx40 has no change.

(Joshi et al., 2015)

germ cells from diabetic rats along with cell adhesion
molecules.

Cx43 Cornea Alpha-carboxy terminus 1 (aCT1) peptide modified (Moore et al.,
from part of C-terminus suppresses inflammatory 2014)
response and increases wound healing rate of corneal
wound closure in STZ type-I diabetes rat model.

Cx43 Glomeruli of diabetic nephropathy HG decreases Cx43 and p-AMPK; Activating AMPK (Guo et al., 2014)

and glomerular mesangial cells prevents the downregulation of Cx43 through the
(GMCs) inhibition of mMTOR. A dominant-negative AMPK
reduces Cx43 expression and induces GMC senescence.

Cx43 Heart STZ-diabetic rats benefit from n-3 polyunsaturated fatty (Anna et al., 2014)
acids (PUFA) intake likely through increased Cx43
protein (not MRNA) level by attenuating myocardial
Cx43 abnormalities and improving cardiac function.

Cx43 Human corpus cavernosum (HCC) The number of Cx43 plaques is reduced in HCC tissues (Traish et al., 2013)

tissue from diabetic or hypogonadal subjects, which may
contribute to diminished erectile physiology.
Cx43 Germ cells Gene expression of Cx43 is significantly reduced in (Aktug et al., 2013)

Cx32, Cx26 and

Sciatic nerves

COMP-ANg-1 reduces blood glucose and cholesterol in

(Kosacka et al.,

expression, and improves angiogenesis and wound
healing.

Cx43 ob/ob mice and improves expression of Cx32 and Cx26, 2012)
but suppress TNFa and Cx43.
Cx43 Human dermal fibroblasts and Cx mimetic peptide Gap27 regulates extracellular (Wright et al.,
keratinocytes matrix gene expression and improves cell migration in 2012)
hyperglycemia/hyperinsulinemia, but has less influence
in diabetic cells.
Cx26, 30.3, 31 Wound mouse skin mMRNAs of these four Cx subtypes are elevated in (Bajpai et al.,
and 43 diabetic wounds and selenium downregulates Cx 2011)

Cx37, Cx40 and

Rat renal tissue

Cx43 phosphorylation is enhanced in Zucker diabetic

(Takenaka et al.,

decreases Cx43 in mitochondria. Overexpression of
MnSOD protects retinal mitochondriaby decreasing
MMP2 and increasing HSp60 and Cx43.

Cx43 fatty (ZDF); Cx43 Gap27 peptide impairs renal 2011)
autoregulation in Zucker lean (ZL) rate, but not in ZDF
rat model of type 2 diabetes.

Cx43 Retinal endothelial cells HG increased matrix metalloproteinase-2 (MMP2) and (Mohammad and

Kowluru, 2011)
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Cx43 Rat renal tissue The increase of Cx43 in renal tissue of diabetic rat is (Huetal., 2011)

alleviated by argirein compound along with reduction of
NADPH oxidase and ER stress.

Prog Retin Eye Res. Author manuscript; available in PMC 2018 November 01.



	Abstract
	1. Introduction
	1.1. Diabetes and diabetic retinopathy
	1.2. Effects of diabetes on cellular components of gap junction intercellular communication

	2. Connexin gap junction channels
	2.1. Structure
	2.2. Nomenclature
	2.3. Diversity
	2.4. Function – Connexin-mediated classical and non-classical function
	2.4.1. Classical Cx43-mediated GJIC function
	2.4.2. Non-coupling connexin function

	2.5. Connexin phosphorylation

	3. Connexin hemichannels
	3.1. General introduction of hemichannels
	3.2. Function and regulation
	3.3. Connexin hemichannels in DR
	3.4 Connexin hemichannels in tissue injury and other diseases
	3.5. Conclusion and Perspective

	4. Effect of HG and/or diabetes on connexin expression
	4.1. Connexin abnormalities in non-retinal tissues and organs
	4.1.1. CNS complications related to connexin abnormalities
	4.1.2. Macrovascular complications related to connexin abnormalities
	4.1.3. Renal complications related to connexin abnormalities
	4.1.4. Genitourinary complications related to connexin abnormalities
	4.1.5. Other complications related to connexin abnormalities

	4.2. Retina

	5. Role of mitochondrial Cx43 (mtCx43) in DR
	6. Effect of HG or diabetes on Cx43-Cx40 and Cx43-Cx37 heterotypic gap junctions
	7. Current therapeutic strategies targeting connexins, gap junctions and hemichannels
	8. Conclusion / Future Directions
	Appendix A
	Table T4
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1
	Table 2
	Table 3

