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Cxs (connexins), the protein subunits forming gap junction inter-
cellular communication channels, are transported to the plasma
membrane after oligomerizing into hexameric assemblies called
connexin hemichannels (CxHcs) or connexons, which dock head-
to-head with partner hexameric channels positioned on neigh-
bouring cells. The double membrane channel or gap junction
generated directly couples the cytoplasms of interacting cells
and underpins the integration and co-ordination of cellular meta-
bolism, signalling and functions, such as secretion or contraction
in cell assemblies. In contrast, CxHcs prior to forming gap junc-
tions provide a pathway for the release from cells of ATP, gluta-
mate, NAD* and prostaglandin E,, which act as paracrine
messengers. ATP activates purinergic receptors on neighbouring
cells and forms the basis of intercellular Ca>" signal propagation,
complementing that occuring more directly via gap junctions.
CxHcs open in response to various types of external changes,
including mechanical, shear, ionic and ischaemic stress. In

addition, CxHcs are influenced by intracellular signals, such as
membrane potential, phosphorylation and redox status, which
translate external stresses to CxHc responses. Also, recent studies
demonstrate that cytoplasmic Ca>" changes in the physiological
range act to trigger CxHc opening, indicating their involvement
under normal non-pathological conditions. CxHcs not only
respond to cytoplasmic Ca*", but also determine cytoplasmic
Ca’", as they are large conductance channels, suggesting a promi-
nent role in cellular Ca** homoeostasis and signalling. The func-
tions of gap-junction channels and CxHcs have been difficult to
separate, but synthetic peptides that mimic short sequences in the
Cx subunit are emerging as promising tools to determine the role
of CxHcs in physiology and pathology.
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INTRODUCTION

Cxs (connexins) are ubiquitous channel-forming proteins found
in vertebrates [1] and some invertebrates [2]. They have molecular
masses between 25 and 62 kDa, and this size difference is cur-
rently used to name the proteins. They are found mainly in the
plasma membrane as paired multisubunit channels that facilitate
intercellular communication. Cxs inserted into the endoplasmic-
reticulum membrane assemble into oligomeric structures con-
structed of six protein subunits arranged concentrically around
a central channel; these CxHcs (connexin hemichannels), often
referred to as connexons [3,4], are delivered to the plasma
membrane, where they diffuse laterally into cell-contact regions to
dock head-to-head with partner Cxs present on neighbouring cells.
This interaction produces a gap junction channel that is defined as
a protein-lined conduit providing an intercellular communication
pathway directly connecting adjacent cell cytoplasms. The num-
ber of gap-junction channels compressed into plaques, often
characterized by regular geometric symmetry, varies, and they
form by accretion as channels attach to the edges of the plaques,
a process balanced by concurrent removal of channels from the
central areas of the plaques [5,6]. Gap-junction plaques, observed
by freeze—fracture electron microscopy, vary enormously from a
few channels to as many as 200 000, as seen in cardiac intercalated
discs [7] and the organ of Corti in the inner ear [8]. However, in
most tissues, and in confluent cell cultures, the number of units
comprising a plaque is generally much smaller.

Cxs are short-lived proteins. In the mammalian heart, a high
producer of Cx43 and the most widespread Cx, a half-life of 2—
4 h has been calculated [9,10], but there is likely to be variation,
with Cx49, for example, expressed in ovine lens tissue, having
a half-life of 10 h [11]. Gap junction proteins are degraded after
transfer to lysosomes via multivesicular endosomes [12,13]. The
overall trafficking and assembly of CxHc into gap junctions and
their degradation (Figure 1) is rapid and highly regulated [14,15].
Formation of CxHcs begins in the endoplasmic reticulum—Golgi
environs of the secretory pathway [15,16] (Figure 1). Cx26 differs
from most other Cxs, since it is also assembled into gap junctions
by a non-classical mechanism [17], with the formation of Cx26
gap junctions continuing after treatment of cells with the Golgi-
disrupting drugs brefeldin A and ilimaquinone [18-20]. After
the docking of CxHcs, two previously segregated intracellular
environments are introduced to each other, and solutes of mole-
cular mass up to about 1-1.5 kDa diffuse across pathways insu-
lated from external fluctuations in the cell’s environment.

The significance in physiology and pathology of unapposed
CxHcs when in transit in the plasma membrane prior to in-
corporation into gap junction plaques has recently attracted
interest [21,22]. As well as fulfilling signalling functions, their
exposed position in non-contacting cells makes CxHcs especially
vulnerable to external fluctuations. On the other hand, the ex-
posure of CxHcs to the cell’s external environment has allowed
studies of their roles in intercellular signalling, especially that
involving Ca*", and it is becoming evident that they are
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Assembly and breakdown of gap junctions emphasizing the genesis and trafficking of CxHcs

Formation of CxHcs occurs early in the secretory pathway (Stage 1) and they are transported along the secretory pathway (Stages 2 and 3), implicating regions of the endoplasmic reticulum and
the Golgi apparatus. A second assembly mechanism that is poorly characterized also operates with Cx26 and possibly other connexins has been reported which does not directly feature the Golgi
apparatus. CxHcs, after insertion into the plasma membrane (Stage 4), dock with partners (Stage 5) located on an attached cell, and gate to an open configuration (Stage 6), a process that may occur
concurrently with the aggregation of the gap junction channels into large adhesive plaques (Stage 7). Stages 7 and 8 involve internalization of gap junctions into one of the attached cells and break

down by hydrolysis in lysosomes (Stage 9).

implicated in cellular responses to various metabolic and external
stresses.

ASSEMBLY OF Cxs INTO CHANNELS

Over 20 different Cx proteins characterized by regions of high and
low amino-acid-sequence conservation are found in chordates
[1], raising fundamental questions about the need for multiple
Cx subtypes. Cxs are characterized by four transmembrane seg-
ments with «-helical conformation and N- and C-terminal tails
projecting into the cytoplasm. Two extracellular loops (EL1 and
EL2), containing about 31 and 34 amino acids respectively are
highly conserved and covalently connected by three invariant
disulphide bonds. The C-terminal tail varies in length and is a
major determinant of the Cx molecular mass; for example, Cx43
has a C-terminal tail of 156 amino acids which interacts with
proteins present in other cell junctions and with cytoskeletal
components [23], as amplified below. The tail also contains
multiple phosphorylation sites for PKC (protein kinase C), MAPK
(mitogen-activated protein kinase) and Src kinase [24,25]. In
contrast, the C-terminal tail of Cx26 has 16 amino acids and is
not phosphorylated. The N-terminal sequence of approx. 20 amino
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acids is highly conserved in all Cxs and contributes to the trans-
junctional voltage sensor [26]. Multiple amino-acid-sequence
determinants dictating oligomerization and intracellular targeting
have been identified in many Cx domains [4,15]. The bulk of
the cytoplasmic tail is not essential for CxHc trafficking to the
plasma membrane and the formation of gap junctions [27].
Domains governing channel conductance and permeability have
been extensively explored in gap junctions, although many oper-
ational aspects remain uncharted at the molecular level, with
similar gaps remaining in unravelling how CxHcs function [28—
32,75]. Of especial interest in studying CxHcs are the two environ-
mentally exposed loops that crucially dictate the geometry of the
interacting CxHcs during formation of gap junctions. In Cx46Hc,
the first extracellular loop is an important determinant of channel
charge selectivity [33] and in Cx32Hc of gating polarity [34].
The overall structure of the extracellular loops has been studied
predominantly in gap junctions, where they adopt an antiparallel
B-barrel conformation [35-38]. The importance of the invariant
intramolecular disulphide linkages covalently linking the loops
has been demonstrated in cells expressing Cx43 in which the
relevant cysteine residues have been replaced by other amino
acids; these mutated Cx43Hcs were permanently closed, and no
gap junctions were formed [39]. The topography of specific Cx
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Figure 2 Model depicting extracellular Ca%+-sensitive open and closed conformations of CxHcs deduced from samples examined by atomic-force microscopy

This Figure is modified from Figures 3 and 5 of [77] and is reproduced with the permission of the authors and the publishers. ) 2005 The American Society for Biochemistry and Molecular Biology

(http://www.jbc.org).

regions may be different in CxHcs compared with gap junctions
(Figure 2), as illustrated by the high susceptibilty of Cx43Hc
compared with gap junctions to cellular redox potentials, which
implicates intramolecular disulphide bonds [40].

The permeability of gap junctions to a range of small molecules
has been extensively investigated [41,42]. The Cx make-up of
homomeric and heteromeric channels is likely to be a major
determinant governing channel selectivity and the underpinning
of fine tuning of signalling molecules passing across gap junctions
[43,44]. In contrast, the permeability of CxHcs has not yet been
explored in such detail. An important question in analysing
the functions of CxHcs concerns where they become associated
with accessory proteins during transit to the plasma membrane.
Proteins interacting with the cytoplasmic C-terminal tail of Cx43
include the tight-junction proteins ZO1, occludin and claudins,
tubulin and Src kinase [23]. Other proteins associating with the
Cx43 are continually being identified, and now include drebrin
[45], p120 catenin and CIP150 [46]. Integrin «5 associates
specifically with Cx43Hc and influences channel gating during
shear stress (J. X. Jiang, personal communication; [9]). Interaction
of Cxs with the Ca*-binding protein calmodulin is important
[51], and two Ca**-dependent calmodulin-binding sites on the N-
and C-terminal tails have been detected in Cx32 [47]. Surface-
plasmon-resonance approaches showed that calmodulin binds
in a Ca’"-dependent manner to the C-terminal tails of perch
Cx35 and Cx34.7, which are related to Cx36 in mouse brain
[48]. Calmodulin is integrated into gap junctions early in the
biogenetic pathway [49-50], suggesting interaction with intracel-
lular CxHcs. Other studies show that calmodulin is important
in the oligomerization of CxHcs [51] and is a candidate
channel gating regulator prior to their insertion into the plasma
membrane.

A central issue arising is how CxHcs are kept mainly in a
closed configuration, especially during transit inside the cell and
after insertion into the plasma membrane. CxHcs, like other ion
channels in the cell’s endomembranes, segregate the luminal and
cytoplasmic intracellular milieux, for they are positioned to act
as gates to large and energy-dependent Ca’* gradients, especially
in excitable cells. One possibility is that disparate localized Ca**
levels separated by these endomembrane systems, and maintained
by an array of receptors and ion pumps underpinning signalling
[52], ensure that CxHcs are maintained in a closed configuration.
Intracellular CxHcs are most likely maintained constitutively in
a closed configuration [12], a view that led to the precept that
all CxHcs are closed, whereas gap junctions operate in an open-
channel configuration [40]. This precept extended to CxHcs after
their insertion into the plasma membrane, where a further range
of ion channels and pumps operate [52].

PROPERTIES OF CxHcs

The concept of CxHcs functioning exclusively as mere structural
precursors of gap junctions began to be questioned after they
had been detected on the horizontal cell dendrites of vertebrate
retina that regulate transmitter binding to cone receptors [53].
At the same time, studies on lens Cx46 expressed in Xenopus
oocytes showed that the Hes had a high (300 pS) unitary channel
conductance and a relatively large permeability, especially to
cations. The channel was closed by elevated levels of H* and Ca*"
ions on the cytoplasmic side, but was opened by low extracellular
Ca?" [28,55]. It was argued that the exceptional gating behaviour
of Cx46Hc observed in oocytes might have a functional basis
in lens tissue, for the avascular nature of this organ utilizes Cx
channels, among others (e.g. aquaporins), to provide an extensive
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Table 1 Cx mimetic peptides — structures and properties
Name Cx numbers/sequence Protein domain Properties Reference(s)
Gap peptides
Gap 26 43,32, 26 64-76 EL1 Inhibits CxHc within minutes and gap junctions later [131,136]
VCYDKSFPISHVR
Gap 27/43 43,37, 32, 26 201-211 EL2 Inhibits CxHe within minutes and gap junctions later [131-139]
(BGap 27) SRPTEKTIFII
Gap 27/40 40 201-221 EL2 Inhibits Cx40 gap junctions (effects on CxHc not investigated) [115,131]
(“Gap 27) SRPTEKNVFIV
Gap 24 32 110-122 1L Inhibits Cx32Hc and not gap junctions [146]
GHGDPLHLEEVKC
L2 peptide 43 119-144 1L Influgnces gap junction channel gating [148]
Other peptides
No name 43 180195 EL2 Inhibits Cx43 gap junctions [205]
SLSAVYTCKRDPCPHE
No name 40 177-192 EL2 Inhibits Cx40 gap junctions [205]
FLDTLHVCRRSPCPHP
No name 32 52-63 EL1 Inhibits Cx32 gap junctions in hepatocytes [156]
ICNTLQPGCNSV
No name 32 41-42 EL1 One of several peptides inhibiting gap junctions in oocytes [204]
ESVWGDEKSSFI

intercellular communication network of open channels to deliver
nutrients across the lens tissue. These model systems led to further
characterization of CxHc gating properties. Several Cxs, including
many of the commonly studied vertebrate Cxs, as well as ovine
and the endogenous Xenopus oocyte Cx38, chicken Cx56 and
Cx45.6 and zebrafish (Danio rerio) Cx35 were induced to form
open CxHcs when bathed in low-Ca®*/Mg** solutions [54-61]. A
further early demonstration that open CxHcs could be detected in
the plasma membrane emerged from studies showing that small
fluorescent dyes entered cultured cells via this route [64]. CxHcs
have since emerged as useful models for exploring their gating
properties and the details of the pore region, in view of easier
external accessibility of single channels [62,63].

Importantly, genetic mutations appear to modify CxHc func-
tioning. For example, mutations in the C-terminus of Cx32
are linked to dysfunction in the peripheral neuropathy CMTX
(Charcot-Marie-Tooth X-linked disease), producing CxHcs that
are leaky [65,66]. Mutations in Cx30Hc cause abnormal channel
activity in hidrotic ectodermal dysplasia [67], and mutations in
Cx26Hc are detected in the supporting cells of the cochlea.
Macrophage recruitment in atherosclerosis is regulated by
Cx37Hc in the endothelium [69]. Six mutations in Cx43Hc are
linked to oculodentodigital dysplasia — a development disorder
characterized by craniofacial and limb disorders — and result in
changes in dye traffic through the channels [9,203].

PREPARATION AND STRUCTURE OF CxHes

The preparation and biochemical characterization of gap junctions
[71] has allowed procedures for their dissociation into constituent
CxHcs. The solubility of CxHcs in detergents such as Triton X-
100 and N-lauryl sarcosinate, in contrast with the insolubility of
gap-junction plaques in these mild detergents, has been a key
aspect of the isolation procedures. Further elaborations in CxHc
preparation, deploying either reducing conditions with high salt
in conjunction with non-ionic detergents followed by chroma-
tography [72,73] or immunoaffinity chromatography [74], have
also been described. These approaches have provided material for
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determining the physical characteristics of aggregated CxHcs and
allowed their reconstitution into lipid bilayers. In general, these
studies show that CxHcs possess permeability characteristics
similar to those of gap junctions (Table 1) [75,76]. However,
atomic-force microscopy shows that, despite overall similarity of
CxHcs and gap junctions, for example, their hexagonal geometry,
the extracellular domains of free Hcs are structurally different
[77]. Also, CxHcs appear less ordered in the lipid bilayer and, in
contrast with gap junctions, partition into lipid rafts [78,79], which
are membrane subdomains enriched in cholesterol and sphingo-
myelin and implicated in cell signalling [80]. In physiological
buffers, CxHcs are closed, but they change to an open conform-
ation as the Ca** concentration is lowered, with the pore dia-
meter increasing from 1.8 to 2.5 nm. These results suggest that
hydrophobic extracellular domains are key areas in regulating
the widely observed Ca®"-dependent conformational changes
[82] depicted in models (Figure 2). A qualification to many of
these studies is that CxHcs were produced by peeling apart gap
junctions, and the possibility remains that unassembled CxHcs in
transit and prior to docking may be subtly different in structure
and operation. As described above, access to the extracellular and
intracellular aspects of the CxHcs has allowed the nature of the
amino acids lining the channel to be studied by techniques such
as SCAM (substitute cysteine accessibilty mutagenesis) [81].
Although there is likely to be some structural variation between
individual Cx isoforms, a current view is that the following areas
contribute to the Hc pore: EL1 at the extracellular end; TM1
within the transmembrane space; NT (N-terminus) and/or CL
(cytoplasmic loop) at the pore’s cytoplasmic aspect. A Ca?"-
binding site has been detected on the outer aspect of CxHcs [82].
Atomic resolution of gap junctions and CxHc obtained at greater
than 6 A (1 A =0.1 um) has progressed, although current models
obtained with 5.7 A in plane and 19.8 A vertical resolution identify
the positions and tilt angles for the 24 «-helices within each
Hc [36-38,83]. Progress in determining the three-dimensional
structure also continues by alternative methods that introduce
specific Cx mutations, mainly of genetic origin, to map channel
characteristics governing operation [84,85].
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REGULATION OF CxHes

CxHcs in the plasma membrane are closed (i.e. have a low open
probability) under resting conditions, but can be activated to
open under the influence of stimuli such as low extracellular
Ca’", membrane depolarization, mechanical membrane stress and
metabolic inhibition. Current evidence indicates that Hes com-
posed of Cx26, Cx30, Cx32, Cx35, Cx37, Cx38, Cx43, Cx44,
Cx46, Cx50 and Cx56 open when exposed to one of these condi-
tions [40,75]. In addition, CxHcs are influenced by numerous
other factors, such as extra- and intra-cellular pH [75], phos-
phorylation status [25,86—88] and redox status [89]. Various
methods have been applied to investigate CxHc responses to
these triggers or modulators, including electrophysiology, uptake
or release of reporter dyes and release of messenger substances.
A major advance was the demonstration by several groups that
ATP release from cells occurs via CxHcs [100,101,110]. Cellu-
lar ATP release by cells is an important and widespread physio-
logical response [90,91], and the implication of CxHc had to
be demonstrated against a historical background that other ATP-
release mechanisms preponderate, including release from exo-
cytotic vesicles [92,93], transport by ABC (ATP-binding cassette)
transporters [94] and diffusion via P,X7 receptor channels
[94,95] or other less-characterized channels, such as the mai-
toxin activated pore [96]. Subsequent work showed that other
messengers — provided they fulfil size and shape criteria — may
also pass via CxHcs, such as glutamate released by astrocytes
[96,206], NAD™ released by fibroblasts [97] and prostaglandins
released by mechanosensitive osteoclasts [98].

The dependency of CxHcs on extracellular Ca®" has emerged
as an universal observation, and exposing cells to low or zero
Ca’" environments is a general strategy to trigger their opening
[99,102,103]. In addition, other extracellular ions can further
modulate CxHc opening, such as Mg*", non-physiological
bivalent ions like Ba** or Sr** [103], univalent anions such as C1~
[107] and cations like Na* [108]. Depolarization is another patent
and thoroughly investigated stimulus that activates Hcs composed
of a large family of Cx subtypes [54,82,103]. Mechanical mem-
brane stress is still another well-appreciated stimulus of CxHc
opening. For example, CxHcs open when cells are subjected to
shear stress [98], point mechanical stimulation of a single cell
[104,105], negative pressure applied via a patch pipette [106],
changes in osmolarity [22,99] and even sound waves in the
inner ear [68]. It is conceivable that a mechanical component
of stimulation is somehow involved in all CxHc stimulation
paradigms that involve a medium change (e.g. switch to low Ca?"
conditions; R. G. Johnson, personal communication). Metabolic
inhibition with drugs interfering with the mitochondrial electron-
transfer chain [89,107,108] or by applying ischaemic conditions
(T. Clarke, O. Williams, P. M. Martin and W. H. Evans, un-
published work) are known to trigger CxHc opening. The exact
signalling cascade involved in CxHc opening is not known
under these conditions, but dephosphorylation, probably due to
calcineurin activation, changes in the redox state by free radicals
and products of the arachidonic acid metabolism, have been put
forward as possible explanations. CxHcs have been reported to
be inhibited by certain kinases such as PKC and v-Src [87,109],
and dephosphorylation is thus expected to result in increased
opening. It is, however, known that kinases may have opposing
effects on gap-junction channels, depending on the cell type, and
further work is required to further understand phosphorylation
effects at the various known phosphorylation consensus sites on
the Cx subunit [25,87]. Recent work suggests that growth factors,
such as basic fibroblast growth factor, and inflammation-inducing
substances, such as lipopolysaccharide, amplify CxHc open-

ing (E. DeVuyst, E. Decrock, M. DeBock, H. Yamasaki, C. C.
Naus, W. H. Evans and L. Leybaert, unpublished work).

As the build-up of evidence for open CxHcs on a range
of cells continues, the possibility that they are a mere labo-
ratory artefact and may not play a significant role in normal
metabolism recedes. CxHcs have been studied mainly in isolated,
experimentally manipulated cells using environmental conditions
rarely encountered in normal circumstances, and the release by
stressed cells of ATP across CxHcs cannot be sustained for long
periods [110]. However, evidence has accrued that cells appear to
utilize CxHcs adaptively to injury and inclemental environments,
and evidence discussed below shows that that CxHc gating is
closely interlinked with intracellular Ca’" signalling responses.
Open CxHcs are detected in cultured cells, and there are increasing
reports that they are also found in tissues, for example heart
[108,111], microglia [113] and cochlear organ cultures [68,112].
The demonstration that ATP is released in a Cx-dependent process
in retina and parenchymal microglia of brain provides further
evidence for their operation in intact tissues and suggests new
roles for CxHcs in the cellular injury responses discussed below
[114].

EXPERIMENTAL MANIPULATION OF Cx-MEDIATED
INTERCELLULAR COMMUNICATION

A diverse range of compounds inhibit intercellular communica-
tion across gap junctions. However, most of these display limited
specificity towards Cx channels over other membrane channels,
for they act either by modifying general membrane ionic per-
meability or by inducing metabolic inhibition [115,116]. For ex-
ample, the aliphatic alcohols octanol and heptanol and the anaes-
thetic halothane provoke local disorder at lipid/protein interfaces
in membranes, leading to compression of CxHcs, gap junctions
and other membrane channels. Oleic acid [117] and arachidonic
acid [118] influence membrane channels after embedding them-
selves in membranes and changing membrane fluidity; with gap
junctions they modify gating induced by voltage [119]. Other
widely used inhibitors, such as the glycyrrhizic metabolites 18-
and 18p-glycyrrhetinic acid and carbenoxolone enter cells and
elicit metabolic changes often reflected in dephosphorylation
of Cx43 [120]. Phosphorylation of several sites on the C-
terminal tail of Cxs modifies channel gating, but the effects are
complex and vary from cell to cell [86-88]. Fenamates, such
as niflumic and flufenamic acids, advocated as reversible gap-
junction blockers [121], are anti-inflammatory drugs acting on
lipoxygenase and cyclo-oxygenase pathways [122]. Tamoxifen,
a synthetic lipophilic non-steroidal triphenylethylene derivative,
inhibits gap junctions reversibly, but also affects other channels
such as L- and T-type Ca>" channels [123]. Polyamines inhibit
Cx43 gap junctions [124], and quinine inhibits gap junctions
constructed of Cx38 and Cx50, but not Cx26, Cx32, Cx40 and
Cx43 [125], possibly influencing channel pH gating. Spermine
action on Cx40 has been studied in molecular detail and appears
to involve action at basic amino acids in the first membrane-
spanning region of Cxs [126]. These data are mentioned because
these inhibitors also probably act on CxHc, as demonstrated by
blocking of CxHc with halothane [107].

Cx MIMETIC PEPTIDES AS Cx CHANNEL BLOCKERS

Cx mimetic peptides, i.e. peptides that are identical with a short
amino acid sequence on the Cx subunit, were initially designed
to produce Cx-selective blockage of gap junctions [127,128], but
have recently emerged as tools to block CxHcs with little or no
immediate effects on gap junctions (Table 2). Cx mimetic peptides
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Table 2 Comparison of the properties of CxHes and gap junctions

Property Gap junctions CxHes Selected references
Structure Dodecameric channels composed of Hexameric Cx channels, straddling a single [36-38,77,83]
two CxHcs arranged end-to-end, membrane
straddling two membranes and creating
confluence of two internal environments
Function Operate between cells in contact Operate in absence of cell contact See the text
Selectivity Up to 1.5 kDa, depending on the Cx subtype [41-44]
Gating Each junction constructed of two or Connexin subtypes have characteristic [40,50,75]
more subtypes having characteristic conductance regulated by voltage, pH and
conductances. Regulated by voltage, pH, phosphorylation
phosphorylation and calmodulin
Ca?* effects Moderate levels generally close, acting Increase in Ca?* (2500 M) opens Cx32 [50,114,146]
mainly from the cytoplasmic aspect. channels from inside. Low Ca’+
Store-operated Ca?*-entry (below =30 M) opens most
channels from outside
Inhibition, regulation ~ Channel is insulated from external Channel external aspect regulation by ionic [115,116,151]
changes and difficult to block specifically. and other external changes. Amenable to
Cx mimetics inhibit after 2 h exposure reversible and rapid inhibition by Cx mimetics
and activation by rotigaptides
Stress response Response to stress situations probably Sensitive to osmotic, mechanical, shear, hypoxic See the text

via indirect mechanisms; not
mechanosensitive

and other external stresses, and to metabolic
inhibition. Directly mechanosensitive

were selected following examination in a chick myocyte bioassay
of a range of peptides spanning most of the two extracellular-
loop regions of Cx [128]. The bioassay probed gap-junctional
coupling in myocytes on the basis of the achievement of syn-
chronous contraction of cell aggregates; intracellular peptides of
similar length as the active versions were used as controls in
these experiments. The most widely used peptides, Gap 26 and
Gap 27, correspond to amino acid sequences on the first and
second extracellular loop of Cx43 respectively (Table 1) [129].
The selected sequences comprise conserved domains (VCYD in
Gap 26 and SRPTEK in Gap 27) and interface with the mem-
brane. Other peptides have been developed that incorporate small
changes in the non-conserved peptide moieties, resulting in a
variety of peptides directed at the ‘Gap 26 region’ or the ‘Gap
27 region’ [130,131]. Gap 26 and Gap 27 peptides appear to
act in a Cx-specific manner and have now been widely applied
to block gap junctions composed of Cx37, Cx40 and Cx43
[133,136,137]. These peptides inhibit gap junctional transfer of
fluorescent dyes [131], electrical coupling [132] and synchronized
Ca*" oscillations in smooth-muscle cells [137]. Gap 26 and
27 peptides also inhibit the intercellular propagation of Ca’*
waves in monolayer cell cultures [134,135], but inhibition of
Ca’" wave propagation may also result from CxHc inhibition, as
detailed further below. In addition to electrical or dye coupling,
the peptides also inhibit several cellular integrative processes
mediated by Cxs and/or gap junctions, such as synchronized
rhythmic activity of arteries [138], endothelial smooth-muscle
interactions governing relaxation of blood vessels [131,132], co-
operation of T and B lymphocytes [139], dendritic cells [140] and
the production of immunoglobulins and cytokines [141].

CxHes, THE PRIMARY TARGET OF Cx MIMETIC PEPTIDES

Braet et al. [142,143] were the first to report that Cx mimetic
peptides also inhibit CxHcs. This observation was not unexpected,
given the fact that the extracellular-loop sequences, with which
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the peptides are likely to interact, are freely available in the CxHc
form [144]. Both Gap 26 and Gap 27 block uptake of the reporter
dye propidium iodide and ATP release in Cx43-expressing
cells, and the effect became apparent after short incubations,
typically in the order of 10-30 min [142,143]. For comparison,
the effects of Cx mimetic peptides on gap junctions typically
require longer incubations of the order of about 1h or more.
Further work by other groups has confirmed the strong inhibition
by Gap 26 of CxHc-related ATP release and dye uptake in
Cx43-expressing corneal endothelium [104] and retinal pigment
epithelium [114]. Some of the mimetic peptides have been
demonstrated to selectively inhibit CxHc composed of a specific
Cx isoform, e.g. Cx43-directed Gap 27 (also described as “Gap
27 [138,145]) selectively inhibited Cx43Hc without influencing
Cx32Hc [142]. The field was advanced a step further when it
was shown that the Gap 26 peptide also blocked ATP-mediated
mitogenic effects on neural retina cells involving the inhibition of
CxHc [114]. A further peptide, Gap 24 (Table 1), corresponding to
an intracellular-loop (IL) sequence of Cx32, specifically blocked
ATP release and dye uptake in Cx32-expressing cells, but not
in Cx43-expressing cells; significantly, Gap 24 had no effect on
gap-junctional intercellular coupling [146]. An open question is
how the Gap 24 peptide makes its way into the cell. Several possi-
bilities exist, including endocytosis, entry through open CxHcs
or the presence of a cell-penetrating peptide sequence, but none
of these has been positively confirmed — Gap 24 does not contain
any currently known cell-penetrating peptide sequence [147].
Peptides similar to Gap 24 have been used to investigate the
ball-and-chain gating mechanism in gap junctions composed of
Cx43 and Cx40 [148].

How can one understand the selective effects of Gap 26 or 27
peptides on CxHcs given their widely documented effects on gap
junctional coupling? The answer lies mainly in the duration of
exposure to the mimetic peptides, as pointed out above. Patch-
clamp studies have shown that the bound Cx mimetic peptides
reduce within minutes the voltage-induced opening of Cx43
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Figure 3 Proposed mechanism of action by which Cx mimetic peptides inhibit cell signalling

Within minutes of application, the peptide binds to CxHcs, lowering channel conductance and restricting, for example, ATP release. Later, as CxHcs become incorporated by accretion to the edges of
gap juctions, intercellular coupling is inhibited. Cx mimetic peptides may also prevent assembly of CxHcs into newly formed functional gap junction channels, break existing gap junction channels
apart or diffuse into the intercellular cleft and induce direct blockage of gap junctions. See the text for discussion.

channels expressed in HeLa cells, with inhibition of cell coupling
following about 30 min later (T. Desplantez, V. Verma, W. H.
Evans and R. Weingart, unpublished work). Inhibition of ATP
release or dye uptake via CxHcs follows similar kinetics, with
effects becoming apparent after 15 min exposure, whereas dye
coupling via gap junctions was not affected until 2 h and was
fully inhibited following overnight incubation of various Cx43-
expressing cells (E. DeVuyst and L. Leybaert, unpublished
work). To understand the action of the peptides, it is important,
however, to consider also their effects on gap junctions. The exact
mechanism of gap-junctional block is currently not known,
but several possibilities have been put forward, including the
reduced docking of two preformed CxHcs with peptides on their
extracellular loops, the breaking apart of existing gap-junction
channels and interactions of the peptides with an accessible Cx
target followed by conformational changes that lead to gap-
junction channel closure (Figure 3) [129]. The first possibility,
i.e. decreased assembly of CxHc into gap junctions upon their
attachment to the edges of a plaque [149], is less likely, because
Cx mimetic peptides had little discernable effect on the size of
gap-junction plaques in HeLa cells expressing Cx43—-GFP (Cx43-
green fluorescent protein) [150]. Further possibilities include the
diffusion of the peptides in the extracellular space surrounding
the gap-junction channels and into the intercellular clefts, a pro-
cess that may take longer, resulting in a separation of inde-
pendent effects on gap-junctional coupling (at a time scale of
hours) from those on CxHcs (inhibited within minutes).

Cx mimetic peptides acting on cell communication offer oppor-
tunities for application as therapeutic tools. Their inhibitory
actions on gap junctions and CxHcs is opposite to that caused
by rotigaptides such as ZP123 [151], a class of anti-arrhythmia
peptide drugs that selectively open gap junctions constructed of
Cx43, resulting in an increase in dye coupling. Rotigaptides also
enhanced the pulsatile release of ATP across CxHcs in cardiac
cells subject to ischaemic stress; in contrast, Gap26 inhibits this
process (T. Clarke, O. Williams, P. M. Martin and W. H. Evans,
unpublished work).

CxHes AND Ca?+ SIGNALLING

CxHc and gap junctions play a prominent role in cellular Ca’*
signalling, more specifically at the level of communication
between cells, i.e. intercellular Ca®* signalling. Cxs entered this
field upon the demonstration that InsP; permeated through gap-
junction channels, thereby communicating a Ca’>* message by
triggering Ca’*" release from endoplasmic-reticulum stores in
the target cell [152,153]. In homogenous confluent cell layers,
intercellular Ca** signals take the form of intercellular Ca**
waves (Figure 4). Further work demonstrated that intercellular
Ca’" signals/waves were also sustained by the paracrine messen-
ger ATP, which is released by cells and diffuses into the extra-
cellular space and acts on G-protein-coupled receptors on nearby
cells [154,155]. Phospholipase C activation then triggers InsP;
formation, with subsequent release of Ca** from stores in the

© 2006 Biochemical Society
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Figure 4 CxHcs and Ca?* signalling

(R) CxHcs open in response to cytoplasmic Ca?* changes and thereby form a conduit for the release of messengers such as ATP and others; CxHcs only open in so-called ‘trigger cells’. (B) ATP
diffuses into the extracellular space and activates G-protein-coupled serpentine receptors on neighbouring cells. This results in the activation of phospholipase C, the formation of InsP; and the
release of Ca?* from the endoplamic reticulum. This pathway underlies paracrine cell—cell communication of Ca’+ signals. (C) Ca?* signals can also be communicated by the diffusion of InsP;
or Ca?* via gap junctions connecting cells. (D) The extracellular ATP concentration gradually decreases and the communication of Ca®* signals stops unless another trigger cell is encountered
that regenerates the ATP signal. (E) Ca2*-triggered ATP release via CxHcs may also be involved in Ca?* oscillations in the cell via an autocrine signalling path (see the text). (F) Cytoplasmic Ca?*
changes can trigger CxHc opening, and conversely, open CxHcs may magnify Ca>+ changes by Ca?* entry from the extracellular space.

target cell(s). Cxs were revisited in the intercellular-Ca**-signall-
ing field following the demonstration that CxHcs were a likely
pathway for ATP release [143,144]. The triggers for CxHc
opening initially came from pathology, such as mechanical
stimulation [106], lowered extracellular Ca’* [56], metabolic
inhibition [89,114], as pointed out above. Depolarization of
the cell also triggers CxHc opening [157], and an increase in
InsP; in cells was also demonstrated to trigger CxHc opening
[142,143,158], indicating that physiological manipulations acting
on the membrane potential or cytoplasmic Ca>* (via InsP;) con-
trol CxHc opening. Further support favouring involvement of
CxHcs in the control of cytoplasmic Ca>* levels came from the
observation that buffering cytoplasmic Ca>" with BAPTA [bis-
(0-aminophenoxy)ethane-N,N,N' ,N'-tetra-acetic acid] inhibited
CxHc-related ATP release [143]. Specific block of CxHcs using
Cx mimetic peptides proved crucial in distinguishing their in-
volvement from other Ca>*-dependent release mechanisms, such
as exocytosis [146]. Further work on native retinal pigment epi-
thelium [114] suggested a role for cytoplasmic Ca*" as a com-
ponent regulator of CxHc opening, based on the observation
that ‘trigger cells’ only initiated an intercellular Ca’>* wave when
Ca’" transients in these cells were associated with uptake of the
reporter dye propidium iodide. The concept of trigger cells was
demonstrated by luminometric extracellular ATP imaging, which
showed that ATP was released as a point-source burst originating
from a single cell that was subsequently identified by its uptake of
propidium iodide entering the cell via CxHcs [159]. This led to the
suggestion that there was an association between Ca>" changes
and CxHc opening in trigger cells. Subsequent work showed that
an increase in cytoplasmic Ca’", triggered by photoactivation
of caged Ca®" or Ca’" entry stimulated by ionophores, was
sufficient to open CxHc in Cx32-expressing cells [146]. The
ATP-release or dye-uptake responses to cytoplasmic Ca?" changes
were characteristic, since concentrations above 200 nM and below
1000 nM elicited CxHc opening, with lower and higher con-
centrations being inactive (bell-shaped dose-response curve).
Cx43-expressing cells display a similar, but narrower, bell-shaped
response peak at 500 nm at which propidium iodide entered and
ATP left the cell via CxHcs (E. De Vuyst and L. Leybaert,

© 2006 Biochemical Society

unpublished work). In recent work, Hcs composed of pannexins
may also form a pathway for ATP release triggered by cytoplasmic
Ca’" changes [160].

CxHcs may also be involved in the development of Ca**
oscillations, which are repetitive cytoplasmic Ca®" changes in
individual cells occurring in the time domain only. Ca*" oscill-
ations necessitate a regenerative signalling loop, and Ca**-trig-
gered ATP release via CxHc followed by autocrine action of ATP
on cell-surface receptors and subsequent regeneration of the cyto-
plasmic Ca*" signal constitutes a putative signalling loop leading
to Ca’" oscillations (Figure 4). In line with this hypothesis,
Cx mimetic peptides applied briefly to block CxHcs indeed
inhibit spontaneous Ca?" oscillations in HeLa cells expressing
Cx26 or Cx43 and in dispersed non-confluent cardiac myocytes
(V. Verma, D. Burke, M. H. Hallett, P. E. Martin and W. H.
Evans, unpublished work). Another regenerative loop may be
formed by Ca**-triggered NAD™ release via CxHcs, followed by
its conversion into cADP-ribose by the ectoenzyme CD38, re-
uptake of cyclic ADP ribose into the cell [161] and activation
of ryanodine receptors with subsequent Ca>" release from the
stores. Due to the different kinetics of Ca?" changes triggered in
this manner [162], this regenerative loop is likely to be slower. It
remains to be determined whether signal regeneration according
to this scheme contributes to the development of Ca** oscillations
in certain cell types.

A question emerging from the cytoplasmic Ca®*-sensitivity of
CxHc is whether there is an endogenous Ca>" sensor located
on Cx subunits or ancillary proteins are involved. Direct inter-
action of Ca’" with cytoplasmic Cx domains is unlikely [50], but
Ca?"—calmodulin interactions may be involved. It was demon-
strated that Ca>*-triggered CxHc opening was largely suppressed
by calmodulin inhibition using the inhibitor W7, the extent of
inhibition being similar in extent to that obtained with Cx mimetic
peptides. In addition, the Ca®" sensitivity of Cx32Hc opening
(200-1000 nM) [146] is in the K, range for Ca®"—calmodulin
interactions (500 nM—5 uM) [163], pointing to the involvement
of calmodulin in the signalling cascade. Cx32 has two calmodulin
interaction sites — one in the N-terminus and one close to the C-
terminal tail [47] — whereas Cx43 has one on its C-terminus [48].
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CxHc composed of both Cx32 [146] and Cx43 (L. Leybaert,
unpublished work) subtypes open in response to Ca’>* changes,
results compatible with direct Ca?>*—calmodulin interactions with
Cx. However, an indirect cascade via interposed calmodulin-
dependent kinases is equally possible, and further work is needed
to distinguish these two possibilities.

Elevated cytoplasmic Ca>* concentrations have been known for
a long time to inhibit gap junctions, raising a pertinent question
regarding the mechanism of Ca?" -triggered CxHc opening: how
can one reconcile Ca?-triggered closure of gap junctions with the
opening of CxHcs? At the functional level, gap-junction closure
prevents the spread of pathological signals to healthy neighbours,
whereas open CxHcs cause loss of ATP and dissipation of ion
gradients. To resolve these apparent contradictions, one needs to
understand the differential effects of Ca** changes on hexameric
versus dodecameric proteins composed of the same subunits.
Definitive answers are currently unavailable, but the following ob-
servations may shed some light. First, there may be a difference
in the range of Ca*" concentrations acting on gap-junction chan-
nels and CxHcs, the latter being opened by 200-1000 nM Ca**
[146], whereas the former are closed by somewhat higher levels
in the range of 500-2000 nM [50]. Secondly, microdomain Ca**
concentrations in junctional areas, i.e. just below gap junc-
tion plaques, may be substantially different from those in non-
junctional sites where CxHcs reside [164,165]. As a consequence,
considerations on the effects of global cytoplasmic Ca*" concen-
trations on gap junction channels and CxHcs will remain incom-
plete as long as microdomain Ca?" information is lacking. Thirdly,
different Cx in homo- or hetero-meric assemblies may show dif-
fering responses to ambient Ca*" levels. Fourthly, not only the
magnitude of the Ca’" changes per se, but also the source of
the Ca®" increase, may be decisive. Indeed, it was elegantly
demonstrated recently that only capacitative Ca*" entry via store-
operated channels is effective in blocking gap junctions, whereas
Ca* entry triggered by Ca’" ionophores was without effect

[166].

CxHc: TWO-WAY TRAFFIC?

Gap junctions, in contrast with synaptic junctions, rarely exhibit
rectification [167], and when it is observed, as in neural tissues,
where Cx36 is a major player [168], the possibility cannot be
discounted that coupling or the existence of electrical synapses
may reflect the operation of intercellular communication channels
constructed of pannexins, channel-forming proteins that are
Cx orthologues [169,170,171]. Current evidence indicates that
CxHcs can allow two-way traffic. Thus small fluorescent mol-
ecules can enter or exit cells across CxHcs [146], and cell-sig-
nalling molecules released via these channels move down their
concentration gradients. Size/shape discrimination may also
operate, since ATP (molecular mass 501 Da), but not lactate (mol-
ecular mass 89 Da), was released by ischaemic neonatal cardiac
myocytes (T. Clarke, O. Willams, P. E. Martin and W. H. Evans,
unpublished work). Simultaneous measurements of the cytoplas-
mic Ca*" concentration and propidium iodide dye uptake in
Cx32-expressing cells showed that resting cells with open CxHc,
exemplified by dye uptake, had a cytoplasmic Ca*" concentration
that was only marginally above the resting level in cells with
closed CxHc (& 95 nM versus =60 nM respectively) [146]. This
suggests that opening of high-conductance CxHc conduits (single-
channel conductance of ~90 pS for Cx32 [75]) did not result
in an immediate collapse of the transmembrane ion gradients,
presumably because of a low open probability of these channels
or because the pumps have sufficient capacity to counteract this
leakage pathway. Much larger changes related to CxHc opening

have been described for ventricular myocytes that express Cx43
under conditions of metabolic inhibition [108].

Open CxHcs may provide pathways for foreign and possibly
infectious agents to enter cells. Although the pore dimensions of
CxHc would be expected to discriminate against entry of viruses
and micro-organisms, Shigella infection was shown to induce
indirectly the opening of CxHc in an actin- and phospholipase-
C-dependent manner and culminating in ATP release into media
that accounted for the intercellular propagation of Ca** transients
[172]. Viral infections also influence Cx expression [173] and
thus CxHc function. Since small interfering RNA [174] and pep-
tides [175] are transferred between cells via gap junctions, the
possibility arises that they may also enter cells via CxHcs.

CxHc, INJURY CONTROL AND CELL DEATH

Cxs play a role in cell death/cell survival, via gap-junction
channels that may communicate pro-apoptotic or cell-protective
messages to neighbouring cells, but also via Cx-intrinsic effects
that are not related to gap-junction channels [176,177]. CxHcs
may add to this death/survival repertoire. CxHcs in open con-
figuration are detrimental to the efficient operation of cell meta-
bolism and ultimately lead to cell death for maintenance of
ionic balances between the cell interior and exterior cannot be
sustained over long time periods. In other words, open CxHcs
can behave as pathogenic pores. As such, they can be decisive in
the balance between cell death via necrosis or apoptosis, as they
may substantially influence the intracellular ATP concentration
[178] which is an important outcome factor in the progression
towards necrosis or apoptosis [179]. Cellular ATP depletion
may in its turn activate CxHcs [180], thereby instigating further
pathogenic effects of CxHc pores. Apoptotic stimuli, for example
staurosporin, open Cx43Hcs, and staurosporin-triggered apop-
tosis was inhibited in CxHc composed of C-terminal truncated
Cx43Hc (forming non-functional CxHcs) [181]. Other studies
have reported closure of CxHc during the development of apo-
ptosis [182]. Alendronate, a biphosphonate drug used in the treat-
ment of osteoporosis, inhibited apoptosis of osteocytes in a CxHc-
dependent manner [183,184], indicating that CxHc opening may
also transduce anti-apoptotic effects. A further link between
CxHcs and apoptosis comes from the cellular-Ca’*-homoeostasis
field, showing that it is also an important player in the apoptotic
cascade [185]. Apoptosis is associated with cytoplasmic Ca*"
elevation, which may trigger CxHc opening and, conversely, open
CxHc, generating high-conductance Ca®" entry channels with
possible impact on cytoplasmic Ca®* regulation. Similarly, mem-
brane depolarization, one of the consequences of oxidative stress,
opens CxHcs and allows reactive oxygen to penetrate cells, re-
sulting in damage that leads to apoptosis. Changes to CxHc gating
ultimately disrupt internal ionic homoeostasis and may activate
Ca’"-dependent kinases, leading to a plethora of injurious con-
sequences such as mitochondrial poisoning (S. Ramachandran,
S. Subramanian and R. Lal, personal communication). The im-
portance of CxHcs in the apoptosis field is currently not fully
established, but specific inhibition of CxHcs using Cx mimetic
peptides will allow detailed studies on their involvement and may
provide new insights into the signalling cascades leading to apop-
tosis in Cx-expressing cells.

In heart, where release of ATP across CxHcs is a stress res-
ponse that vasodilates blood vessels and facilitates increased
delivery of oxygen and energy to the organ [186], continued loss
of ATP cannot be sustained [187] and ultimately leads to cell
death. Cardioprotection by ischaemic preconditioning features
phosphorylation of Cx43 and is generally believed to implicate
gap-junctional communication, and a possible role for Cx43Hc

© 2006 Biochemical Society
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located at non-junctional areas in cardiac myocytes has been
advocated [188,189]. ATP release through CxHcs elicits a cellu-
lar response to injury [113,190], and stroke/hypoxia models
[191,192] suggest that similar molecular mechanisms that impli-
cate open CxHcs contribute to the death of neurons and interacting
astrocytes. Indeed, in hypoxia, astrocytes release ATP and gluta-
mate via CxHcs [193]. The development of pharmaceutical tools
for cardio- and neuro-protection in ischaemic injury is a major
goal and has already focused on traditional non-specific gap-
junction inhibitors such as halothane and octanol, which reduce
the extent of brain injuries in animal models [192]. The character-
ization of CxHc and identification of their roles in ATP release
and ATP-dependent intercellular Ca** signalling, combined with
the identification of CxHc as the primary targets of Cx mimetic
peptides, indicate that the peptide mimetics stand as promising
tools with which to counteract necrotic and apoptotic cell death
ensuing in heart attack and stroke.

FUTURE DIRECTIONS

Just as human beings have learnt to adapt to stressful conditions,
cells also adjust to potentially harmful environmental con-
ditions. CxHcs appear as key structures in stress response, since
their exposed position makes them vulnerable as membrane con-
duits across which cells release small molecules and ions. The
release of ATP across CxHcs and its role in paracrine intercellular
signalling is now well documented, although that of glutamate
by astroglia is hotly debated [193]. It is possible that further
molecules, many with signalling potential, utilize these channels,
thereby adding to the range of small biochemical messengers
underpinning near-neighbour junctional cellular cross-talk. The
increasing attribution of Cx mutations to He signalling misfunc-
tion, shown in CMTX [3,4] and dysplasias [203] may open up a
Pandora’s Box of connexin channelopathies.

Cells respond to their adhering partners by formation of junc-
tions. In addition, they are increasingly perceived as being able to
sense or monitor their external microenvironment, as illustrated
by the presence of cell-surface Ca** sensors [194]. The opening of
CxHcs by intracellular Ca?" levels that differ from those that close
gap junctions can be regarded as testimony to the spatial control of
the operation of these channels. This is possibly an evolutionary
development to allow cells to cope with environmental changes,
as illustrated in hypoxia, where a number of genes are rapidly
activated. The regulation of CxHcs by graded Ca®" levels at
the inner and outer aspect of the channel makes it difficult to
distinguish between direct and indirect effects, since the Ca?"
microenviroment may vary beneath the various regions of the
cell surface, especially in polarized cells. On a broader signalling
front, Cx43Hcs are linked to intracellular signalling pathways
that, in turn, are key regulators of apoptosis [183—185].

Cx channels are implicated in embryonic development and
patterning [195], and early important observations on their roles
as gap junctions, allowing intercellular coupling in Xenopus and
mouse embryo development [196], are ripe for re-investigation
in a broader signalling context, since proteins other than Cxs are
also likely to feature; for example, Eph receptors and ephrin,
among others, are advocated as components of the cell-to-cell
communication apparatus [197]. In a similar vein, Cxs have
also entered the stem-cell arena, with Cx43Hcs advocated as
negative markers in human limbal epithelial stem cells [198]. The
identification of innexins in protostomes [199,200] and pannexins
in vertebrate brain [169-171], with both families of proteins
forming cell-to-cell communication channels, despite possessing
different protein structures, prompts fundamental questions
regarding the evolution of mechanisms effecting cellular cross-
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talk [201]. Indeed, pannexin channels also release ATP under
mechanical stress [202]. It is thus possible that pannexins also
operate as Hcs in the plasma membrane, underwriting paracrine
signalling and implicating purinergic receptors and intracellular
Ca®* [160].
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