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Abstract: Gap junctions and hemichannels are formed by a family of proteins called connexins. Till date up to twenty
one different connexins have been characterized and their expression was observed to be spatio-temporally regulated. Gap junctions and hemichannels are involved in transfer of a variety of less than 1 kDa small molecules such
as, ions, small metabolites, cAMP, ATP, IP3, prostaglandins, etc. Post-translational modifications of connexins and
their interaction with other proteins are reported to be the key regulators of channel functions. Studies during the
past decade or so, suggest the physiological important of connexin hemichannels mediating the communication between the cell and its environment. Molecules conveyed through the hemichannels elicit a variety of signaling pathways and influence cellular functions such as, cell cycle, tissue homeostasis, migration, mechanotransduction, oxidative stress. The purpose of the current review is to compile the reported studies so far and provide a general overview
in our understanding how the molecular transfer through hemichannels regulates cellular signaling and functions.
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Introduction
Gap junctions (GJs) and hemichannels (HCs)
are composed of proteins known as connexins
which form a principal means of cell-cell communication in animal tissues, allowing the diffusion of ions, metabolites and secondary messengers [1, 2]. Up to twenty one different connexins have been identified till now [3] and
their nomenclature is based on the molecular
weight; for example, connexin (Cx) 43 is a 43
kDa protein. Connexins oligomerize into
hexameric connexons and docking of two such
connexon channels expressed on adjacent
cells lead to the construction of a GJ channel.
Connexons formed by a single type of connexin
are termed homomeric and channels with a
mixture of two types of connexins are known as
heteromeric channels [1, 4, 5]. Heterotypic
channels are formed when two homomeric connexons formed by different connexins dock
onto each other [6-8]. Formation of heteromeric-heterotypic GJ channels is also reported
[4, 9, 10]. Intermixing of connexins depends on
their compatibility, for example, Cx43 cannot
form heteromeric channels with Cx26 [11].
Such intermixing could confer special functions

to GJ channels as they exhibit different permeability properties in comparison to homomerichomotypic channels alone [12].
GJs and HCs allow passage of the molecules
with a cut off weight of 1 kDa and the specificity depends on the type of connexin. The shape
of the pore and the pore-lining residues of connexons contribute to the specificity of molecules that are exchanged [13]. Posttranslational modifications, such as phosphorylation and S-nitrosylation, also affect the
molecular transfer through HCs [14, 15].
Therefore, intermixing of connexins and posttranslational modifications could be critical in
regulation of cell communication. Molecular
exchange via connexin channels is thought to
be essential for signal propagation in cells, and
to be involved in growth control, differentiation, embryonic development and reproduction [16, 17]. It has been technically challenging to identify specific molecules that are communicated through GJs formed by different
connexins. However, identification of molecules
passing through HCs is known to be less challenging as factors released by HCs expressed
in cell culture systems can be collected from
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culture media and analyzed.
Signaling molecules, such as PGE2, ATP, and
NAD+, are released through HCs [18-21]. These
signaling molecules act in both paracrine and
autocrine manner to elicit intracellular signaling responses [22]. HCs mediated exchange of
secondary messengers is required for maintenance of cellular physiology. Therefore, studying the molecular exchange via HCs is a critical
step to understand how HC mediated communication regulates cellular function. Recently,
several specific tools have been developed for
study of HCs, including Cx43 HC blocking antibody, blocking peptides towards HCs, and lanthanum ion [23-25]. These reagents have been
proven to be invaluable to identify the specific
function of connexin-forming HCs and specific
molecules released by these channels [20, 23].
Determination of the specificity of connexin
forming HCs is of practical importance since
HCs can be formed by either connexins or another protein called pannxins. Pannexins albeit
sharing no sequence homology with connexins
are found to co-exist in certain cells and form
HCs in the cell [26]. Similar to connexin forming
ones, pannexin-HCs open to extracellular
spaces and permit molecular weight less than
1 kDa to pass through. However, unlike connexin, thus far there is no solid evidence suggesting the formation of gap junctions by pannexin in mammalian cells [27]. There is increasing evidence that pannexins are involved
in vasodilatation, inflammatory responses,
ischemic death of neurons, epilepsy and tumor
suppression [28]. Another important task is to
identify the signaling pathways associated with
the molecules released from HCs and how they
modulate the cellular fate. This review summarizes the regulation and function of connexin
HCs in several cellular events and the associated signaling pathways.
Cell cycle and development
Though the role of connexins in regulation of
cell cycle, cell progression and development has
been elaborately studied, the importance of
connexin HCs in this regard is still unclear. Recently, it is observed that GJB2 (Cx26) is a susceptible locus in patients with psoriasis, a skin
disease that occurs due to increased skin cell
division [29]. Cx26 is known to form HCs in skin
and inner ear, and mutations of Cx26 genes are
associated with skin diseases and deafness

120

[30]. However, it is not clear if abnormally elevated cell division in psoriasis is related to the
function of Cx26 HCs. In C6 glioma cell, Cx43 is
shown to reduce cell proliferation by impeding
the cell cycle progression from G0/G1 to S
phase [31]. Mutation of Cx43 at Tyr247 and
Tyr265 is observed to reverse the negative proliferative effect of Cx43. Connexins are differentially expressed during cell division and development. Cx26 expression increases between S
phase and early G1 phase in actively dividing
neocortex cells, whereas Cx43 expression is at
its peak between G2 and S phase and decreases during G1 phase [32]. Cx43 phosphorylation is also reported to be associated with the
progression of cell cycle. Cx43 phosphorylation
is increased during S and G2/M phases of the
cell cycle, which may be related to the assembly
of fewer gap junction channels [33].
Extracellular Ca2+ levels and pH, which regulate
HC opening, are also known to regulate cell
growth and proliferation. Cx43 HCs in 3T3 fibroblasts are observed to release NAD+ [19], which
is converted to cyclic ADP-ribose (cADPR) by an
ectoenzyme, CD38. Uptake of cADPR by the cell
increases intracellular calcium levels, consequently increasing cell proliferation rate by
shortening S phase [34]. Neural precursor cells
release ATP [35] and released ATP controls intracellular calcium levels via Cx43 HCs [36].
Calcium waves propagating through radial glial
cells, a transient embryonic cell type important
for neuronal migration, requires connexin HCs
and disruption of the wave decreases the proliferation of cortical ventricular zone (VZ) [36].
Blocking of intracellular Ca2+ levels inhibits DNA
synthesis in these cells [36]. Another study
shows that inhibition of Cx43 HCs reduces
neointima formation after vascular injury due to
inhibition of smooth muscle cell proliferation of
smooth muscle cells [37]. Mutations of Cx30
gene are responsible for ectodermal dysplasia
associated with increased proliferation and differentiation of keratinocytes. “gain of function”
mutants, G11R and A88V, have enhanced HC
function and generate a leakage of ATP [38],
which may lead to the enhancement of cell proliferation. Also, recently it is observed that blocking of HCs induces phosphorylation of small
GTPase cdc42, which is important in orchestrating cytoskeletal organization during cell division
[35]. Additionally, knockdown of Cx43 expression by siRNA in neural precursor cells leads to
slower interkinetic nuclear migration and also
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affects the nuclear length/width ratio [35].
Gap27 peptide, which is designed to block Cx43
HCs, is shown to hinder T cell proliferation by
increasing the G0/G1 cell numbers, suggesting
the role of HCs in sustaining T cell clonal expansion [39].
During chick retinal pigment epithelium (RPE)
development, robust Ca2+ waves are generated
and gap junction coupling is involved in this
process [40]. Specific peptide blocker, Gap26,
of Cx43 HC inhibited release of both ATP and
Ca2+ waves in RPE, suggesting the Cx43 HC
[41]. The ATP released through Cx43 HCs expressed in RPE influences the mitotic division in
retinal ventricular zone, which is important in
generation of neurons and glia [41]. Extracellular ATP is a signal for various events during embryonic development. ATP through purinergic
receptors evokes Ca2+ waves and promotes
retinal progenitor cell proliferation [42]. ATP
signaling also initiates the proliferation of rat
cerebral cortical astrocytes [43], human neural
stem cell [44] and Müller glial cell [45]. Hence,
the release of ATP through HCs activates
purinergic receptors and triggers gene expression necessary for retinal development, ionic
homeostasis cochlea (for details, see “Cochlear
homeostasis”) and proliferation of neural precursor cells during neural development.
Ischemic preconditioning
A subtle or sub-lethal insult to a tissue causes
protection of the tissue towards a severe insult,
and the process is known as preconditioning
[46]. There is a general belief that release of
protective agents during the initial insult leads
to resistance towards permanent tissue damage. Ischemia could be caused due to deprivation of oxygen and glucose or ATP efflux. Cardiac
and the neural tissues are most extensively
studied to understand the preconditioning phenomenon and various connexin HCs are implicated in release of tissue protective agents.
Cx43 HCs are abundantly expressed in cardiac
tissue [47]. Under ischemic stress, cardiac myocytes and C6 glioma cells release ATP [48, 49].
ATP efflux leads to increase in intracellular calcium levels; consequently HC open further causing an increase in cellular volume, which ultimately results in apoptotic cell death [50]. Cx43
HC blocking peptide, Gap26 is demonstrated to
protect rat neonatal cardiomyocytes and intact
rat heart from ischemic injury [50, 51]. How-
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ever, Cx43 deficient heterozygous (+/-) mice
lacked cardio protection during ischemic preconditioning [52]. Also, in isolated cardiac myocytes, where the GJ communication is minimal,
Cx43 was observed to be required for ischemic
preconditioning [53], suggesting that ischemic
preconditioning could be gap junctionindependent. These studies indicate that
though HC communication is required for cardiac protection, sustained opening results in
cardiac injury. Cardiac myocytes subjected to
ischemia showed an increase in release of ATP
[48], which can be blocked by Gap26 peptide
[48]. Another important observation made in
this study is that the ATP release through Cx43
HCs is reduced due to prolonged ischemia.
Transient opening of HCs is observed in cardio
myocytes subjected to ischemia [54]. Regulation of HC opening during ischemia could be
important in preventing necrosis due to sustained ATP release. Extracellular ATP is known
to communicate through G-protein coupled
P2Y2 and P2Y4 purinergic receptors expressed
on the cell surface and invoke intracellular calcium levels [55, 56]. Other factors released by
HCs and the signaling pathways triggered during
preconditioning response are yet to be determined. Apart from the connexin at the cell surface, recent studies have demonstrated that
Cx43 is also expressed in mitochondria and
plays an important role during ischemic preconditioning [57, 58]. Mitochondria are known to
be important for mediating precondition response. Treatment with GJ and HC blockers,
such as carbanoxelone and heptanol, results in
a decrease of mitochondrial dye uptake [57],
implying the existence of functional HCs in mitochondria. During prolonged ischemia, ATP levels
decrease leading to lowering of pH and accumulation of reactive oxygen species (ROS), which
ultimately results in cell death. These studies
suggest that connexin HCs play an important
role in release of ATP during the early stages of
cardiac ischemia, thereby creating a protective
preconditioning effect.
Cx36 and Cx43 are the major connexin isoforms
expressed in brain tissue. In general, Cx36 is
abundantly expressed in neuronal tissue and
Cx43 is localized to glial tissue. Cx43 and Cx36
HCs show increased opening during ischemia
leading to the release of ATP [59] Stimulation by
acute ischemic conditions enhances neuronal
Cx36 and glial Cx43 HC activity, which favors
ATP release and generates preconditioning.
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Besides ATP, Cx43 HCs also mediate the release of glutamate from astrocytes, and glutathione and other amino acid derivates from
hippocampal slices [60;61]. The efflux of glutathione is postulated to have cell protective
functions in situations when glutamate reuptake is impaired, such as after stroke [61]. Similar to the observations made in the cardiac tissue, acute ischemia opens HCs leading to ATP
release and depletion of intracellular ATP, which
finally results in cell death [62]. Metabolic inhibition is also reported to increase ATP release
via HCs and the depletion of intracellular ATP
reserves could promote cell death [63]. Metabolic inhibition also increases Cx43 expression
on the cell surface causing further imbalance in
the cellular ionic concentrations, thereby, making the cells vulnerable to cell death [64]. However, Cx36 HCs expressed in the neurons are
observed to mediate ischemic preconditioning
[65]. Cx36 HCs in neurons mediate the ATP release and cause depolarization of the neurons
[65]. Depolarization of neurons ultimately increases neuronal tolerance towards ischemia.
Role of HCs in causing glutamate toxicity due to
the release of excessive glutamate during
ischemic conditions is yet to be studied. Overall,
HCs formed by connexins promote cell death in
both neurons and cardio myocytes during acute
ischemia, but they also can promote tolerance
towards ischemia after an encounter with sublethal ischemia.
Cochlear homeostasis
Autosomal Cx26 mutations expressed in inner
ear are associated with hearing loss [66]. Interestingly, these mutations are characterized to
be both dominant and recessive, which makes
the study of Cx26 in cochlear homeostasis very
critical. Autosomal mutations of Cx26 display
impaired IP3 mediated Ca2+ wave propagation
between cells [67]. Cx26 and Cx30 are predominantly expressed in the inner ear and are required for normal hearing [68, 69]. Impaired
expression of these two connexins affects
propagation of Ca2+ wave [20]. These two connexins also form heteromeric and heterotypic
HCs, displaying a range of gating properties [9].
Cx26 is observed to be selectively permeable to
anionic molecules [70]. A dominant deafness
mutant of Cx26, R75W causes loss in gap junction communication but exhibits normal HC permeability [71, 72]. Cochlear organ cultures lacking pannexin-1 or purinergic receptor P2X7 did
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not inhibit the propagation of Ca2+ waves [20].
Cx26 HCs expressed in the inner ear release
ATP that causes an increase in outer hair motility (OHC), which is important for hearing [70].
Lower extracellular Ca2+ causes ATP release via
Cx26 HCs, which affects OHC through purinergic
receptor signaling. Apart from ATP, Cx26 HCs
also release IP3 and the release is observed to
increase with lower extracellular Ca2+ and mechanical stress [73]. Both IP3 and ATP elicit
intracellular Ca2+ waves and also increase
spreading of the waves between the cells [74].
Lower extracellular calcium levels and mechanical stress experienced by the cochlear membrane can cause release of ATP and IP3. These
secondary messengers re-enter into the cells or
act through membrane receptors to activate
intracellular calcium reserves, thereby, acting in
both paracrine and autocrine fashion. Along
with propagation of calcium waves secondary
messengers such as IP3 could be communicated between cells via GJ channels. Hence, the
overall signaling pathway mediated by connexins could be very important in auditory signal
propagation. A clear picture of the signaling
pathways associated with connexin HC function
in the inner ear is yet to be obtained.
Mechanotransduction
Expression of connexins is observed to increase after mechanical stimulation of cardiac
and bone cells [75-77]. GJs present in these
cells are shown to be important conduits of
signaling molecules that are generated due to
mechanical stimulation indicating that connexins act as mechanosensory channels [18, 78,
79]. In osteoblasts, both Cx43 and Cx45 are
expressed [80], but when transient expression
of Cx45 is increased it results in reduction of GJ
mediated intercellular communication and
downregulation of osteoblastic differentiation
markers at the transcriptional level [81, 82].
Osteocytes, similar to their precursor osteoblasts, are observed to express both Cx43
and Cx45, but Cx43 is observed to be in abundance, and mechanical stimulation regulates
its expression and function [83;84]. Cx43
knockout mice displayed defective skeletal
development and delayed ossification [85].
Osteoblast-specific Cx43 knockout mice
showed a decrease in bone formation in response to mechanical loading, suggesting that
Cx43 is important in adaptation to mechanical
stimulation [86]. These observations indicate
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Figure 1. Connexin hemichannels (HCs) in response to stimuli such as mechanical stimulation, lower extracellular
calcium, lower pH or metabolic inhibition mediate release of molecules like PGE2, ATP and NAD+. These metabolites
influence cellular signaling through various receptors. ATP is known to influence cellular functions such as cochlear
homeostasis, ischemic preconditioning and cell cycle through G-protein coupled purinergic receptor signaling. PGE2
release by HCs due to mechanical stimulation causes activation of β-catenin, which is shown to induce Cx43 transcription. Detailed signaling pathways elicited by HC communication are under studied.

that Cx43 is regulated by mechanical stimulation and is the major GJ forming protein in osteoblasts and osteocytes.
Mechanical stimulation leads to opening of HCs
in many cell types. In human osteoblast cells
and osteoblast like MC3T3-E1 cells, mechanical
stimulation leads to the release of IP3, Ca2+ and
ATP through Cx43 HCs [87, 88]. Cx43 HCs expressed in osteocytes are involved in release of
bone regulators, such as PGE2 and ATP in response to fluid flow shear stress [18, 89]. Recent studies indicate that other bone cells, such
as chondrocytes also express Cx43 HCs which
are involved in release of ATP in response to
cyclic compressive strains [90]. In osteocytes,
the opening of Cx43 HCs are adaptively regulated in response to the magnitudes and durations of mechanical stimulation [23]. Cx43 HCs

123

are observed to be important for cell survival,
which is critical in maintaining the integrity of
bone [91]. Osteosarcoma cells when treated
with drugs that induce cell cycle arrest resulted
in expression of functional HCs and formation of
dendritic processes similar to osteocytes [92],
implying that HCs may be involved in osteoblast
differentiation and osteocyte survival. In our
recent studies we have shown that the osteocytic dendritic processes function as mechanosensors [93]. Mechanical stimulation of osteocytes is observed to release PGE2 via Cx43
HCs and this release was observed to be adaptive [23]. The released PGE2 is observed to activate both PI3K/Akt and cAMP-PKA signaling
pathways leading to an increase in Cx43 expression [22, 94]. Among four isoforms of PGE2 receptors, E2 and E4 are activated in response to
fluid flow shear stress, which leads to the acti-
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vation of downstream PI3K/Akt and cAMP-PKA
signaling events [94, 95]. Cx26 HCs expressed
in Cochlea were observed to release IP3 in the
presence of mechanical stimulation and lower
extracellular Ca2+ [73]. Mechanical stimulation
along with lower extracellular Ca2+ potentiated
Cx43 HC opening and subsequent release of
ATP in astrocytes and endothelial cells [96, 97].
The molecules released via HCs could activate
different signaling pathways through interacting
with specific receptors, thereby, exerting the
biological functions in response to mechanical
stimulation.
Conclusion
Apart from GJ communication, connexin-forming
HCs play critical roles in modulating cellular
functions. As summarized in Figure 1, the molecular transfer through HCs regulates cellular
functions. This is likely to be regulated by the
factors released through the open HCs. Binding
to cell surface receptors by the released factors
leads to the activation of intracellular signaling
pathways and consequently, the regulation of
cellular function and physiology through gene
transcription, translational or post-translational
events including intracellular trafficking, protein
turnover, phosphorylation and other modifications. HC formed by different connexins may
regulate distinctive cellular events via the selective message of specific molecules. This raises
the possibility that HCs have certain substrate
selectivity in exchanging molecules. Recent
studies on understanding the pore structure
also support this possibility. It is imperative to
develop HC-specific tools, such as blocking antibodies, peptides or dominant negative mutants.
With these specific reagents, the molecules
exchanged via HCs and the activation of specific
signaling pathways can be investigated. Moreover, with the development of dominant negative mutants specific for HCs, but not gap junctions, the physiological roles of HCs in specific
tissues or cells in vivo will be illustrated using
transgenic mouse models.
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