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Connexin-related signaling in cell death: to live or let
die?

E Decrock1,6,7, M Vinken*,2,6,8, E De Vuyst1, DV Krysko3,4,8, K D’Herde5, T Vanhaecke2,8, P Vandenabeele3,4, V Rogiers2,9

and L Leybaert1,9

Evidence is accumulating that some forms of cell death, like apoptosis, are not only governed by the complex interplay between
extracellular and intracellular signals but are also strongly influenced by intercellular communicative networks. The latter is
provided by arrays of channels consisting of connexin proteins, with gap junctions directly connecting the cytoplasm of
neighboring cells and hemichannels positioned as pores that link the cytoplasm to the extracellular environment. The role of gap
junctions in cell death communication has received considerable interest and recently hemichannels have joined in as
potentially toxic pores adding their part to the cell death process. However, despite a large body of existing evidence, especially
for gap junctions, the exact contribution of the connexin channel family still remains controversial, as both gap junctions and
hemichannels may furnish cell death as well as cell survival signals. An additional layer of complexity is formed by the fact that
connexin proteins as such, beyond their channel function, may influence the cell death process. We here review the current
knowledge on connexins and their channels in cell death and specifically address the molecular mechanisms that underlie
connexin-related signaling. We also briefly focus on pannexins, a novel set of connexin-like proteins that have been implicated in
cellular responses to pathological insults.
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In multicellular organisms, the maintenance of tissue homeo-
stasis ultimately relies on the critical balance between cell
growth and cell death. Among the various cell death types,
apoptosis has been most extensively characterized. Being the
conceptual counterpart of necrosis, apoptosis is a genetically
programmed and well-orchestrated process of selective cell
deletion that occurs in all tissues as part of the normal
cellular turnover.1 It is also involved in a growing number of
pathological conditions, such as in ischemia-related cell injury
following stroke.2,3 Two major apoptotic pathways can be
distinguished, the mitochondria-mediated intrinsic cascade
and the death receptor-mediated extrinsic pathway.1,4–6 Both
rely on the proteolytic activity of an evolutionary conserved
family of cysteine proteases – the caspases – which form the

biochemical basis of the apoptotic phenotype.7 They are
responsible for the cleavage of a large number of cellular
proteins including major cytoplasmic and nuclear elements.
The extrinsic signaling pathway is triggered by the binding of
an extracellular death ligand, such as Fas ligand, tumor
necrosis factor a (TNFa) or TNF-related apoptosis-inducing
ligand (TRAIL) to their corresponding receptors at the plasma
membrane (PM).1,4–6 In contrast, the intrinsic signaling
pathway is mediated by mitochondria and involves a diverse
array of non-receptor-mediated stimuli that produce intra-
cellular signals directly acting on targets within the cell. It is
regulated by the B-cell lymphoma-2 (Bcl-2) family of pro- and
anti-apoptotic proteins.8 Necrotic cell death, on the other
hand, has been often considered to be a passive process,
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lacking underlying signaling events and occurring under
extreme physico-chemical conditions, including abrupt
anoxia, sudden shortage of nutrients, heat or detergents.
Recent evidence, however, suggests that necrotic cell death
can also be the morphological manifestation of a molecularly
regulated event associated with pathologies such as
ischemia-reperfusion injury, neurodegeneration and pathogen
infection.9,10

In contrast to the wealth of knowledge concerning the
extracellular and intracellular signaling cascades that govern
(apoptotic) cell death, our understanding of the role of
intercellular (cell-to-cell) communication in this process is still
in its infancy. The most direct form of intercellular commu-
nication proceeds through gap junction (GJ) channels. These
channels arise from the head-to-head interaction of two
hemichannels (HCs) (connexons) on adjacent cells, which are
hexameric channels composed of connexins (Cxs). The Cx
protein has a four membrane-spanning topology with two
extracellular loops, one cytoplasmic loop and a cytoplasmic
N- and C-terminal region (Figure 1).11–13 At present, more
than twenty Cx species have been cloned from rodents and
human and are named according to their molecular weight.14

Gap junctional intercellular communication (GJIC) is driven by
the passive diffusion of small (o1–1.5 kDa) hydrophilic
molecules such as glucose, glutamate, glutathione, cyclic
adenosine monophosphate (cAMP), adenosine triphosphate
(ATP), inositol trisphosphate (IP3) and ions (e.g., Ca2þ , Kþ ,
Naþ ).13,15 The biophysical permeation properties of these
substances depend on the nature of the Cx species that form
the channel and clear differences in channel permeability
have been shown for various ions, reporter dyes and signaling

molecules such as cAMP or ATP.16–19 The gating of GJ
channels is controlled by a number of factors, with as
prominent players the transmembrane voltage (over the
PM), transjunctional voltage (over the GJ), Ca2þ and the
phosphorylation status.20–22 With the notable exception of
Cx26, all Cxs are phosphoproteins that are targeted,
particularly at their C-terminal tail, by a broad panel of
kinases. HCs reside as closed channels in the PM but open
by a process of ‘loop gating’ when their extracellular loops
interact to form a functional GJ channel.20,23 Before being
incorporated into GJs, HCs can also be opened by various
signals or conditions, including membrane depolarization,24

a decrease of extracellular Ca2þ ,25 cytoplasmic Ca2þ

changes,26 mechanical stimulation,27 changes in phosphory-
lation status,28 changes in redox status,29 reactive oxygen
species (ROS),30 nitrosylation of the Cx protein,31 ischemia/
hypoxia,3,32,33 and also certain Cx mutations.34–37 Open HCs
allow the entry of below 1 to 1.5 kDa substances (e.g., Ca2þ ,
Naþ )38 or the escape of essential metabolites such as
nicotinamide adenine dinucleotide (NADþ ),39 ATP,40 gluta-
mate,41 prostaglandins42 and glutathione.43

Another family of GJ channel-forming proteins, the ‘innex-
ins’, was first reported in invertebrates and later renamed
‘pannexins’ (Panxs) after their orthologs were discovered in
vertebrates.44 Thus far, three Panxs (Panx1, Panx2 and
Panx3) have been characterized in rodents and human.
Despite the lack of sequence homology between Cxs and
Panxs, they share a similar topology and also display cell-
specific expression patterns.45 They appear to be endowed
with several other Cx-like properties such as the ability to form
homomeric Panx1 or heteromeric Panx1/Panx2 HCs46 and

Figure 1 Molecular architecture of gap junctions. GJs are grouped in plaques at the membrane surface of two apposed cells, and are composed of twelve Cx proteins,
organized as two hexameric HCs. The Cx protein is organized as four membrane-spanning domains (TM1-4), two extracellular loops (EL1 and EL2), one cytoplasmic loop
(CL), one cytoplasmic amino tail (NT) and one cytoplasmic carboxy tail (CT) (EC, extracellular; IC, intracellular)
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functionally competent GJ channels,47,48 although some
controversy still exists concerning the latter.49,50 Furthermore,
Panx channels are also permeable to small molecules,51–53

release ATP,54,55 open in response to mechanical stimula-
tion,54 and intracellular Ca2þ ,56 and are blocked by certain
Cx-based GJ blockers.46,53

Numerous physiological processes are driven by regulatory
molecules that pass through GJs and HCs, which are
therefore considered as major gatekeepers in the control of
tissue homeostasis. Many efforts in this respect have been
focused on their roles in the regulation of cellular proliferation
and differentiation.12,15,57 The exploration of Cx- and Panx-
related signaling in cell death, however, has only been
initiated in recent years, nevertheless reporting some striking
observations in this newly arisen research field.12,45,58,59 In
this review, we will focus on the role of Cxs and their channels
as both positive and negative modulators of cell death, mainly
apoptosis. We additionally demonstrate the involvement of
the recently discovered Panxs in cellular responses to insults.

Connexin-Based Gap Junction Channels and Cell Death

A substantial body of evidence indicates a positive correlation
between GJIC and apoptotic activity (Figure 2). Indirect
data come from the observation that chemical GJ inhibitors,
such as carbenoxolone and 18-beta-glycyrrhetinic acid,
prevent apoptosis.60–63 Vice versa, tumor promoters, includ-
ing peroxisome proliferators and phenobarbital which are
known to counteract apoptosis, also inhibit GJIC.64,65

Furthermore, exogenous introduction of Cxs in a plethora of
experimental models was found to facilitate apoptotic cell

death (Table 1).30,63,66–78 Various cell death models have
demonstrated the clustering of dying cells, indicating the
spread of death signals to neighboring cells through
GJs.63,79,80 This phenomenon of ‘bystander death’ (the ‘kiss
of death’) has gained a great deal of attention for it opens up
the possibility to therapeutically limit the wave of secondary
injury in the context of stroke or brain trauma,3,80–84 and to
amplify the potency of cancer treatment. With respect to the
latter, the ‘suicide gene/prodrug therapy’ is a well-known
model whereby malignant cells are transfected with the
herpes simplex virus-thymidine kinase (HSV-tk) gene,
followed by treatment with the prodrug ganciclovir (GCV).
Following phosphorylation to GCV-triphosphate, this cytotoxic
compound competitively inhibits the incorporation of endo-
genous deoxyguanosine triphosphate into the DNA, resulting
in the termination of DNA synthesis and the onset of
apoptosis.85,86 In several tumor cell models, cells that lack
the suicide gene and that surround a HSV-tkþ cell are
also killed by GCV treatment because of diffusion of
GCV-triphosphate through GJs connecting those cells.85–87

Another form of bystander killing is mediated by the transfer of
viral peptides through Cx-related communication. Neijssen
et al.88 discovered that a cell expressing viral proteins and its
closest neighbors are killed by cytotoxic T-cells, because the
adjacent cells receive the viral peptides through GJs. Thus,
GJ immunological coupling could mediate the elimination of
uninfected bystander cells or those in the earliest phases of
infection.

In-depth studies have revealed that Cx-related commu-
nication is modified during the cell death process
(Table 2). Particularly the early phases of apoptosis require

Figure 2 Connexin- and pannexin-related signaling in cell death. Cxs can affect the cell death process through a number of mechanisms, involving GJIC (1), HCs (2–5)
and Cx proteins as such (6,7). GJ channels can accommodate direct exchange of cell death and cell survival signals between cells (1). HCs may contribute to cell death by four
different mechanisms: by the entry of cell death or the loss of cell survival signals (2), through paracrine signaling of death or survival messengers (3) by HC-mediated
transmembrane signal transduction (4) or by affecting mitochondrial functioning (5). Cx proteins as such can associate with cell death regulators (6) or influence the expression
of these molecules (7). HCs composed of Panxs may act as a permeabilization pore by itself or as a part of the P2X7R death complex (8), allowing ATP to leave the cell or
bacterial molecules to make their way into the cell. Although solid scientific data are currently not available, both processes might contribute to cell death. The figure is based
on references mentioned in the text. It should be noted that many of the first and second messengers depicted are not cell death or survival messengers per se, but rather
substances that may lead to cell death or survival under specific conditions that are discussed in the text. (ASK1, apoptosis signal-regulating kinase 1; ATP, adenosine
triphosphate; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; ERK, extracellular signal-regulated kinase; GCV, ganciclovir; IP3, inositol
trisphosphate; pBad, phosphorylated Bad; pC/EBPb, phosphorylated CCAAT/enhancer-binding protein b; ROS, reactive oxygen species)
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Table 1 Interfering with connexin gene expression influences cell death

Modela Cell
death

Evaluation method Mechanism Reference

Nervous tissue – primary cultures and tissues
Cx43-deficient mouse astrocytes kb Dextran-LY uptake 24

LDH release
Heterozygote Cx43+/� mouse astrocytes
Cx43-deficient mouse astrocytes

mb,c TUNEL assay
Caspase-3 staining

Induced caspase-3
activation

103,116

Cx43-silenced primary rat astrocytes mb,c Hoechst staining 106

Cx43-silenced rat optic nerve segments kb PI staining 160

Rat hippocampal organotypic slice cultures kb PI staining 83

Cx26 and Cx32-silenced
Cx43-silenced
Cx43 KO mice
Cx32-deficient mouse oligodendrocyte progenitor cells mc TUNEL assay 111

Cx36-deficient primary rat hypothalamic cultures kb,c Calcein-AM staining 61

Nervous tissue – cell lines
Cx43-transfected mouse N2A neuroblastoma cells mb,c Calcein-AM/EB staining Uptake of ROS 30

Cx43-transfected rat C6 glioma cells (C6Cx43) mb,c Caspase staining 63

Annexin V assay
Cx43-silenced C6Cx43 cells kb,c Hoechst 33342 staining

EB staining
Cx43-transfected human U251 glioblastoma cells mb,c,d TUNEL assay

Hoechst staining
Annexin V assay

Reduced Bcl-2 expression
No effect on Bax-1, Bad-1,
Bcl-xL, Mcl-1 expressions

68,69

Cx43- and Bcl-2-transfected rat C6 glioma cells in co-culture mb,c TUNEL assay 81

Hoechst staining
Annexin V assay

Cx43-transfected rat C6 glioma cells kb,c Caspase-3, -8 assay
TUNEL assay

Reduced caspase-3
activation

106

No effect on caspase-8
activation

Transfected rat C6 glioma cells TUNEL assay 110

Cx43 kb,c,d,e Hoechst staining
Cx40 kb,c,d,e Alamar blue assay
Cx32 kb,c,d,e

Cx37-transfected mouse N2A neuroblastoma cells No effectc XTT assay 74

Other tissues – primary cultures and tissues
Cx43 dominant negative mutant-transfected chick leg bud
mesenchymal cells

mb,c FACS analysis 108

Cx43-deficient mouse embryonic heart tissue mc TUNEL assay 114

Cx43 antisense oligonucleotide-treated rat neonatal
ventricular myocytes

mc TUNEL assay
Hoechst staining

115

Cx32-mutant-transfected Xenopus laevis oocytes md Morphological 36

Cx26-mutant-transfected Xenopus laevis oocytes md Morphological 37

Cx26-inactivated mouse inner ear epithelial cells mc TUNEL assay Induced caspase-3 105

Caspase-3 staining activation
Cx32- and Cx26-deficient mouse liver tissue mc TUNEL assay 112

Transfected human umbilical vein endothelial cells XTT assay Induced caspase-3 74

Cx37 mc TUNEL assay activation
Cx40 No effectc PI staining
Cx43 No effectc Caspase-3 assay

Annexin V assay
Morphological

Cx45-deficient mouse vascular tissue mc TUNEL assay 109

Other tissues – cell lines
Cx43-silenced rat MC lung epithelial cells kb,c Yo-Pro staining Uptake of ROS 30

Hoechst 33342 staining
PI staining

Cx43-transfected human HeLa cervical carcinoma cells mb,c,f AO/EB staining 70

Cx43-transfected human LNCaP prostate cancer cells mb,c TUNEL assay
Annexin V assay
PI staining

Induced caspase-8
activation

78

Caspase-8 assay
FACS analysis

Cx43 dominant negative mutant-transfected rat BC31 bladder
carcinoma cells

kc EB staining
PI staining
Annexin V assay

80

Cx43-transfected HeLa cells mb,c,d,f FACS analysis 137

Hoechst 33258 staining
Nucleosomal DNA
fragmentation
PARP fragmentation
Caspase-3 assay
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GJIC,62,70,89–91 but with progression of cell death, GJIC
drastically declines culminating in the absence of cell coupling
between apoptotic bodies. The abolishment of GJIC thus
coincides with the typical morphological transformations that
occur in apoptosis and results from an increased removal of
GJ channels from the PM and not from their functional
closure.70 In a recent study, Theiss et al.92 exposed primary
bovine lens epithelial cells and mouse NIH-3T3 fibroblasts to a
number of well-established apoptosis-inducing agents. The
authors noticed a decrease in GJIC that was associated with
caspase 3-mediated degradation of Cx43. Similarly, activa-
tion of apoptosis in primary cultures of chick lenses resulted in
caspase 3-mediated truncation of Cx45.6, a reaction that was
inhibited by casein kinase 2-mediated phosphorylation of
Cx45.6.93 As a matter of fact, phosphorylation is likely to be a
major mechanism responsible for GJIC alterations during
apoptosis (Table 2). In rabbit lens epithelial cells, H2O2

induced caspase 3-dependent apoptosis that was associated
with activation of protein kinase Cg, the phosphorylation of
Cx43 and Cx50, and the disassembly of GJ plaques
abolishing GJIC.94,95 Induction of apoptosis in rat liver
epithelial WB-F344 cells by the hydrophobic platinum IV
complex LA-12 was also linked to suppression of GJIC and
the disappearance of Cx clusters from the cell membrane
surface. LA-12 thereby triggered rapid Cx43 hyperphosphory-
lation mediated by the mitogen-activated protein kinase
kinase/extracellular signal-regulated kinase (MEK/ERK) path-
way.96 Increased Cx phosphorylation does not always go
hand in hand with a loss of GJIC. Indeed, in the WB-F344 rat
liver epithelial cell model, serum deprivation91 and exposure
to the histone deacetylase inhibitor suberoylanilide hydro-
xamic acid97 enhanced GJIC, particularly during the early
phases of apoptosis, and simultaneously increased Cx43
phosphorylation. Inversely, inhibition of GJIC in primary

bovine lens epithelial cells and primary human corneal
fibroblasts by staurosporine92 and TNFa98 was accompanied
by a decrease in the Cx43 phosphorylation status. Of note,
alterations in Cx phosphorylation are frequently allied with
modifications in cellular localization. The drastic decrease in
GJIC that is observed during mitosis, for instance, results from
the cytoplasmic redistribution of a unique Cx43 phosphoform
called ‘Cx43m’ or ‘Cx43P3’.99–101 The latter is generated by
the cyclin-dependent kinase 1/cyclin B1 complex, which not
only controls the G2/M transition of the cell cycle, but also
plays a crucial role in the initiation of apoptosis.91,99–101 In fact,
induction of apoptosis by choline deficiency increased Cx43
immunoreactivity in the cytoplasm of rat liver epithelial cells.
Restoration of the Cx43 membrane localization, and conse-
quently of GJIC, as well as enhanced cell survival was brought
about by 8-bromo-cAMP,102 a well-known inductor of Cx43
phoshorylation.22

Contradictory to the paradigm that GJIC facilitates apopto-
sis are a number of investigations showing that GJs may
impede the occurrence of cell death (Figure 2).103–116 In line
with this notion are a number of reports describing induction of
apoptosis by chemical GJIC inhibitors107,108,117–119 as well as
by Cx mimetic peptides,120 which are peptides identical to a
short Cx sequence that act as GJ blockers.121 Healthy cells
may indeed provide their dying neighbors with rescue signals3

or cells in danger may dilute toxic substances toward healthy
neighbors through GJs.3,103 This event whereby cell survival
is promoted has been designated the ‘good Samaritan’ effect
or the ‘kiss of life’, as opposed to the ‘bystander death’
phenomenon.85 Thus, there seems to be a clear two-way
traffic between (early) apoptotic and non-apoptotic cells80

and, depending on the status and environmental context of
the cell that receives the signal, two opposite biological
outcomes can be achieved, namely cell death or cell survival.3

Table 1 (Continued )

Modela Cell
death

Evaluation method Mechanism Reference

Cx32-transfected human Caki-2 renal carcinoma cells mc DNA fragmentation
Caspase-3 assay

Induced caspase-3
activation

66,67,177

Reduced Bcl-2, Bcl-xL
expression
No effect on Bax
expression

Cx32-transfected human HeLa cervical carcinoma cells mb,c,f AO/EB staining 70

Cx32-transfected human A549 lung adenocarcinoma cells mb,c PI staining
FACS analysis

72

Cx32-transfected baby hamster kidney cells mb,c TUNEL assay Induced activation of
caspase-3, -6, -9

77

Caspase-3, -6, -8, -9
staining
Annexin V assay

No effect on caspase-8
activation

Cx26-mutant-transfected human embryonic kidney (HEK)
293 cells

mc,d TUNEL assay 34

Cx26-transfected human PLC/PRF/5 hepatoma cells mc ssDNA staining 71

Cx26-transfected human T24, UM-UC-3, UM-UC-6,
UM-UC-14 bladder cancer cells

mc TUNEL assay
FACS analysis

Reduced Bcl-2 expression 75

Cx26-transfected human LNCaP, PC-3, DU-145 prostate
cancer cells

mc FACS analysis Reduced Bcl-2 expression 76

Cx37-transfected rat NRK kidney epithelial cells No effectc XTT assay 74

AO, acridine orange; EB, ethidium bromide; FACS, fluorescence-activated cell sorting; LDH, lactate dehydrogenase; LY, lucifer yellow; PARP, poly-ADP-ribose
polymerase; PI, propidium iodide; ROS, reactive oxygen species; ssDNA, single-stranded DNA; TUNEL, terminal dUTP nick end labelling. aA distinction is made
between nervous tissues and tissues/cells from other sources. Studies are further categorized according to the Cx species of which the expression is influenced.
bExogenously induced cell death. cApoptosis-related cell death. dEffect on cell death is not related to gap junction function. eNecrosis-related cell death. fApoptotic
necrosis (secondary necrosis).
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The biochemical nature of the signals that actually mediate
these effects, in particular those that propagate the cell death
message, are largely unknown. Ca2þ has been proposed as a
‘master’ cell death messenger (Figure 2). The onset of

apoptosis is indeed frequently accompanied by drastic
alterations in cytoplasmic Ca2þ concentration, and several
crucial apoptosis effectors are known to depend on
Ca2þ .3,58,63,80,89,122 However, Ca2þ diffusion through GJs

Table 2 Connexin-related modifications during cell death

Model Cell death induction Observation Reference

Rat hippocampal slices OGDa Induced GJIC 60

Induced Cx36 expression
Rat primary hypothalamic cultures Different modes of NMDA

receptor-regulated cell deatha
GJIC, but no HC involved 61

Rat MC mammary tumor cells H2O2
a HC activation 30

Rat L2 lung epithelial cells Cigarette smoke extracta

Cx43-transfected mouse N2A neuroblastoma
cells
Cx43- or Cx32-transfected human Cycloheximidea GJIC present in early cell death phases 70

HeLa cervical carcinoma cells Etoposidea

Taxola

Cis-platinuma

Camptothecina

Reduced GJIC during cell death progression,
associated with gap junction internalization,
but not with closure of gap junctions
HC functioning decreased during the
development of apoptosis

Rat BC31 bladder carcinoma cells Spontaneousa GJIC present between apoptotic and non-
apoptotic cells

80

No difference in Cx43 expression between
apoptotic and non-apoptotic cells

Rat hippocampal organotypic slice cultures Weight-drop injury Transient potentiation of GJIC after injury 83

Primary quail granulosa cells Serum deprivationa Induced GJIC 89

Reduced Cx43 expression
Rat WB-F344 liver epithelial cells Serum deprivationa Induced GJIC in early cell death phases,

associated with induced Cx43 expression/
phosphorylation

91

Reduced GJIC during cell death progression
Primary bovine lens epithelial cells Staurosporinea Reduced GJIC 92

Etoposidea Reduced Cx43 expression/phosphorylation
Mouse embryonic NIH 3T3 fibroblasts Puromycina

Cycloheximidea

Rat WB-F344 liver epithelial cells LA-12a Reduced GJIC 96

Induced Cx43 phosphorylation
Rat WB-F344 liver epithelial cells (ras-transformed) Suberoylanilide hydroxamic

acida
Induced GJIC
Induced Cx43 expression/phosphorylation

97

Human corneal fibroblasts TNFaa Reduced Cx43 translation and
phosphorylation

98

No effect on Cx43 transcription
Reduced GJIC

Rat WB liver epithelial cells
Human Hep3B liver epithelial cells

Choline depletiona Reduced GJIC, associated with cytosolic
Cx43 redistribution

102

No effect on Cx43 expression
Chick leg bud mesenchymal cells TGF-b3

a Reduced Cx43 expression 108

Xenopus laevis oocytes Cytochrome Ca Induced GJIC 122

Primary rat astrocytes Antimycin A and iodoacetic HC opening 32

acid-induced metabolic
inhibition

Reduced GJIC
Dephosphorylation of Cx43

Primary mouse astrocytes Antimycin A and iodoacetic HC opening 31

acid-induced metabolic
inhibition

Increased surface Cx43 expression
Dephosphorylation/nitrosylation of Cx43

Cx26-mutant-transfected human embryonic kidney
(HEK) 293 cells

Spontaneousa Cx26-HC opening 34

Cx32-mutant-transfected Xenopus laevis oocytes Spontaneous Cx32-HC opening 36

Cx26-mutant-transfected Xenopus laevis oocytes Spontaneous Cx26-HC opening 37

Cx43-transfected human HeLa cervical carcinoma
cells

Staurosporinea Cx43-HC opening
Increased surface Cx43
expression/dephosphorylation

137

Primary human renal proximal
tubule cells

ATP-depletion induced by
glycolysis inhibitionb

Cx43-HC activation, associated with
disrupted ATP-flux
Dephosporylation of Cx43
as possible mechanism

141

Rat spinal cord SCI by cutting into segments Induced Cx43 expression 159

Rat optic nerve segments OGD Increased Cx43 expression 160

Human MG63 osteosarcoma cells TNFaa Reduced Cx43 translation 189

Human osteoblasts TRAILa Induced Cx43 transcription
Reduced GJIC

Human MG63 osteosarcoma cells
Human osteoblasts

Serum deprivationa Reduced Cx43 translation, associated with
cytosolic Cx43 redistribution
Induced Cx43 transcription
Increased GJIC

189

ATP, adenosine triphosphate; Cx, connexin; HC, hemichannel; GJIC, gap junctional intercellular communication; JNK, c-Jun N-terminal-kinase; LPS,
lipopolysaccharide; MKK7D, mitogen-activated protein kinase kinase 7D; NAD, nicotine adenosine dinucleotide; NMDA, N-methyl D-aspartate; OGD, oxygen/
glucose deprivation; SCI, spinal cord injury; TGF-b, transforming growth factor b; TNFa, tumor necrosis factor a; TRAIL, TNF-related apoptosis-inducing ligand.
aApoptosis-related cell death. bNecrosis-related cell death.
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may be limited by its interactions with more slowly mobile
Ca2þ -binding proteins. The Ca2þ messenger IP3, produced
by phospholipase C activation and triggering Ca2þ release
from the endoplasmic reticulum (ER), is probably a better
suited candidate as it can pass through GJs,123 its ER IP3-
receptor is modulated by Bcl-2124,125 and the ensuing Ca2þ

changes may trigger cytochrome C (CytC) release from
mitochondria.126 Released CytC on its turn can interact with
IP3 receptors to potentiate ER Ca2þ release and to exacer-
bate mitochondrial Ca2þ -driven CytC release in a vicious
circle.127 Recent work further suggests that the pattern of
Ca2þ changes – steady or oscillatory changes – may
determine the outcome towards either cell death (sustained
Ca2þ change) or survival (Ca2þ oscillations).128 The signa-
ture of the Ca2þ signal is largely influenced by the level of IP3

and the sensitivity of its receptor.129 As a consequence, the
modulation of IP3 receptors by Bcl-2 family proteins125 will
determine the Ca2þ load of mitochondria and will thus be
expected to be decisive in initiating apoptosis through
mitochondrial CytC release. CytC has too high a molecular
weight (12.4 kDa) to pass as a death messenger through GJs
or HCs, so IP3 remains as a very likely candidate to
communicate the cell death message. Other proposed
candidate ‘killer messengers’ that can pass through GJs
include cAMP and cyclic guanosine monophosphate
(cGMP).58,74 Potential ‘rescue messengers’ on the other
hand include the energy molecules glucose and ATP or the
free radical scavengers ascorbic acid and reduced glutathione
that are all able to flow through GJs and favor cell survival.3 GJ
channels display selective permeability towards the proposed
messengers and this typically depends on their Cx composi-
tion.15–19 Seul et al.74 found that adenoviral delivery of Cx37,
but not of the other vascular Cx40 and Cx43, induces
apoptotic cell death in human umbilical vein endothelial cells.
This effect was cell- and species-specific as Cx37 did not
trigger cell death in mouse N2A neuroblastoma cells and rat
NRK kidney epithelial cells. These findings demonstrate that
conveying a cell death or survival response through GJ
channels is a selective and well-coordinated process, invol-
ving specific Cxs and biochemical messengers rather than
just the movement of common noxious or vital molecules
between cells.

Connexin-Based Hemichannels and Cell Death

For a long time, HCs were classified as mere structural
precursors of GJs. A large body of recent evidence, however,
suggests that they must be considered as functional channels
controlled by various extracellular and intracellular signals,
thereby providing a unique pathway for transport and
signaling. Of note, many of the signals that trigger HC
opening, or responses attributed to HCs, are also involved in
the signaling cascades leading to cell death,11 including
cytoplasmic Ca2þ changes and oxidation or nitrosylation
reactions. Being a pore permeable to quite a large range of
substances, HC opening may furthermore help in setting off
cell death by causing membrane depolarization, the collapse
of ionic gradients, loss of small metabolites and elevation of
cytoplasmic Ca2þ .130

As holds for GJs, cell death may have a profound influence
on the status of the HCs (Table 2). This has been well
exemplified in the case of ischemia-related cell injury where
the involvement of HCs as ‘pathogenic pores’ has been
demonstrated.3,33 Indeed, metabolic inhibition of astrocytes
was found to accelerate cell death, which was directly
associated with Cx43 HC opening. The molecular mechanism
by which it activates HCs is, however, not entirely known, but
may involve dephosphorylation and/or oxidation.31,32 With
respect to the latter, Retamal et al.31 showed that
nitrosylation of intracellular Cx43 cysteine residues by nitric
oxide (NO), a protein modification likely to occur under
oxidative stress, could be at the heart of HC opening. Along
the same line, NO was found to mediate Cx43 HC activation in
astrocytes under proinflammatory conditions.131 The impor-
tance of oxidative stress as a key trigger is underscored by the
observation that cigarette smoke extract and H2O2 may open
HCs by depolarizing the cells, thereby facilitating ROS entry
into the cell.30 HC function may also be drastically affected by
genetic factors. Mutations in Cx32, Cx30 and Cx26 genes
result in hereditary peripheral neuropathy, hidrotic ectodermal
dysplasia, and nonsyndromic hereditary hearing impairments
and skin disease, respectively. In all cases, the phenotype is
caused by abnormal HC opening which could adversely affect
cell viability.34–37,132,133 Gomez-Hernandez et al.35 revealed
that HC dysregulation in inherited peripheral neuropathy,
caused by a Cx32 mutation, is due to alterations in a Ca2þ -
binding site that interacts with extracellular Ca2þ to keep the
HCs closed under physiological conditions. A similar mechan-
ism could account for aberrant HC gating and cell death
caused by a Cx26 mutation located right next to this putative
Ca2þ -binding site, a mutation that is known to lead to
nonsyndromic hereditary deafness.34

Overall, there are at least four possible mechanisms by
which HCs could contribute to cell death or survival (Figure 2).
First, the bidirectionally permeable HC pathway may facilitate
the uptake of toxic or survival-enhancing substances, and
may contribute to the loss of essential metabo-
lites.30,38,59,70,134–137 As well-documented ATP release chan-
nels, HCs may lower the intracellular ATP content and play as
such a decisive role in the balance between cell death through
necrosis or apoptosis.63,70,138 ATP is also necessary for the
phosphorylation of Cxs which, on its turn, influences HC
gating.28,32,139–141 In Shigella infection, hemichannel ATP
release may promote bacterial invasion and dissemination.142

Another compound released through HCs is glutathione.43

The loss of intracellular glutathione may compromise the
antioxidant defense at the cells’ inside but its consequent
accumulation outside the cells may as well act beneficially as
it can intercept in a more direct manner invading free radicals
threatening the cell.43 Another potentially beneficial role of
Cx43 HCs is suggested from experiments in astrocytes that
demonstrated increased open probability of Cx43 HCs and
glucose uptake in response to exposure to proinflammatory
cytokines.131

A second level where HCs can influence the balance
between cell death and survival involves a paracrine commu-
nication component. The release of metabolites such as ATP,
glutamate or prostaglandins through HCs combined with their
extracellular diffusion and action (directly or through break-
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down products like adenosine)143,144 on corresponding
receptors on remotely located cells may exert toxic as well
as survival effects.145–151 Ligand-receptor binding of these
messengers is often accompanied by a rise in cyto-
plasmic Ca2þ ,126,145,152–154 that on its turn may trigger a
new cycle of HC responses or is even influenced by HC
activity.26,35,38,126,152 In a model of cochlear explant cultures,
the local infliction of a cell-damaging stimulus caused a
spatiotemporal spread of cell death in hair cells that was
related to ERK1/2 activation, dependent on the associated
intercellular Ca2þ wave and ATP release, and inhibited by
carbenoxolone.155 Once released, ATP is rapidly degraded to
adenosine which displays both neuroprotective and -toxic
properties.143,144 Combined in vitro and in vivo studies have
demonstrated that ischemic pre-conditioning in the brain
promotes ATP efflux through HCs and thereby protects
against a second exposure to ischemic conditions through
adenosine.156 Another messenger released through HCs is
glutamate, a well-documented paracrine messenger of cell
death in the brain. The presence of this substance, released
by HCs, in conditioned media from microglia and
macrophages treated with proinflammatory molecules
resulted in marked neuronal cell death when neurons were
exposed to it.136,157 Conditioned media from activated
microglia also affected astrocytes as it reduced their GJIC
and induced HC opening.131 The latter can have a drastic
influence on neuronal survival as well, as the capacity of
‘spatial buffering’, which is provided by coupling of astrocytes
through GJ channels and is essential for the control of the
composition of the extracellular environment, decreases.3,158

This is observed in an ex vivo model for spinal cord injury
where Cx43 channels appeared to play a dual role; HCs
seemed to be involved in cell swelling and the spread of
neurotoxins early after injury, whereas GJs were required for
spatial buffering between astrocytes and long-term survival of
neurons.159 A paracrine signaling component may not only be
of importance for the expansion of cell death or survival but
could also assist in the recruitment of both innate and adaptive
components of the inflammatory response system.160 Certain
types of dead cells can trigger inflammation by release of
danger signals or ‘damage-associated molecular patterns’
that are normally located inside the cells.161,162 At a more
speculative level, it is conceivable that these endogenous
danger signals (e.g., uric acid, 168 Da) may be shared through
GJs with neighboring cells and released through HCs.

A third cell survival/cell death regulatory platform includes
HCs as a transmembrane signal transduction pathway. The
prototypic example here is the involvement of HCs in the anti-
apoptotic actions of alendronate, a drug used to counteract
osteoporosis. Alendronate induces the opening of Cx43 HCs
in dexamethasone-treated osteoblasts and osteocytes, which
activates Src kinase and ERK. Subsequent phosphorylation
by the p90 ribosomal S6 kinase (p90RSK) leads to an
inactivation of the cytoplasmic pro-apoptotic Bcl-2 protein
Bad and binding of pro-caspases by the phosphorylated
CCAAT/enhancer-binding protein b (pC/EBPb), both favoring
survival of osteoblasts and osteocytes.163

A fourth possible link between HCs and cell survival/cell
death relates to modifications in the subcellular localization of
HCs. Upon ischemic pre-conditioning, a form of cardioprotec-

tion, Cx43 translocates from the PM to the inner mitochondrial
membrane through a heat-shock protein 90-dependent path-
way.164–166 The functional relevance of mitochondrial Cx43,
however, is not clear. It has been postulated that Cx43 is part
of a multiprotein complex that somehow controls mitochon-
drial homeostasis.117 Mitochondrial Cx43 could also form HCs
that serve as a conduit for ion fluxes,59,165–167 a function
reminiscent of the apoptosis-regulating Bcl-2 family pro-
teins.117 Mitochondrial Cx43 was recently found to be a major
regulator of cardiomyocyte apoptosis.117

Non-Channel Aspects of Connexins in Relation to Cell
Death

Several studies have shown that Cx proteins as such can
influence tissue homeostasis independent of their channel-
forming capabilities. In most cases, the evidence is based on
experiments in which Cx expression was artificially modified
(Table 1). Cx overexpression was found to trigger cell cycle
arrest168–173 and cellular differentiation174 without influencing
Cx channel activity in any way. In a similar manner,
transfection of C6 rat glioma cells with Cx43, Cx40 or Cx32
genes resulted in an increased resistance to exogenously
induced cellular injury, independently of GJIC.110 Forced
expression of Cx43 in U251 human glioblastoma cells, on the
other hand, did not increase GJ coupling but enhanced the
apoptotic response to chemotherapeutics.69 Furthermore,
research in a model of apoptosis-primed primary quail
granulosa cells showed that Cx43 expression was inversely
related to both the apoptotic index and the level of GJIC,
suggesting distinct roles for GJIC and Cx43 in cell death and
cell survival, respectively.89

The mechanisms that underlie non-channel Cx protein
contributions to cell death remain to be elucidated (Figure 2).
It has been suggested that Cxs participate in cell death
pathways through direct interaction with apoptotic factors. The
cytoplasmic co-localization of Cx26 and Cx43 with the Bcl-2
proteins Bak, Bcl-xL and Bax, in human breast cancer cells and
human colorectal cancer cells, respectively, could be in favor of
this idea.175,176 More recently, Cx43 was reported to directly
interact with apoptosis signal-regulating kinase 1 (ASK1).106

Cxs may also be involved in the control of cell death-related
gene expression. A number of papers have reported changes
in the expression of individual subsets of apoptotic factors while
interfering with Cx expression.67–69,72,75,76,168,177 Microarray
analysis of heart tissue from Cx43 knockout mice showed
altered expression of a wide spectrum of apoptotic genes,
including Bok, Bax, Bid, Diablo, caspase 6 and caspase 9.114

Iacobas et al.178 performed a similar in-depth study, by
analyzing the transcriptome of Cx43-null astrocytes in
mice. Interestingly, they showed that both pro-apoptotic
(e.g., Map4k) and anti-apoptotic (e.g., Bcl-xL) genes are
affected, a finding that might explain the often contradictory
reports, associating both induction and inhibition of apoptotic
cell death with the presence of Cxs. The exact nature of the link
between Cxs and apoptosis-related gene expression is still a
matter of debate. An attractive hypothesis is that Cxs are
directly involved in transcriptional control. In this respect, ‘Cx
response elements’ have been proposed to modulate gene
expression in rat osteocytes.179,180 An active role for Cxs in the
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regulation of gene expression is further supported by the
observation that (transfected) Cxs, or at least specific parts of
these molecules (i.e. the C-terminal region), can reside in the
nuclear compartment.170,181,182 The latter may, however, also
be a result of the well-known interaction of Cxs with
transcriptional regulators and/or mediators of crucial
signaling pathways. A broad range of Cx-binding partners
have actually been characterized, some of which are
acknowledged regulators of gene expression.183,184 Cx43, for
instance, interacts with b-catenin, a key player in Wnt
signaling.185 In the cell nucleus, b-catenin forms a complex
with the T-cell factor that facilitates the transcription of a
number of target genes that are relevant to apoptosis, including
survivin,186 Bcl-xL187 and Bcl-2.188 Cx43 expression itself is
also controlled by Wnt signaling.185 In fact, TNFa and TRAIL
not only increase Cx43 degradation but also augment the Cx43
mRNA content in human osteosarcoma cells. The enhanced
Cx43 gene transcription is thought to represent a reflexive
response to apoptosis and is likely to be mediated by
b-catenin.189

Pannexins and Cell Death

The structural and functional similarities between Cxs and
Panxs raise the possibility that Panxs might be implicated in
cell responses to several pathological insults as well, for
example ischemic neuronal cell death. Exposure of pyramidal
neurons from cortex or hippocampus to oxygen and glucose
deprivation (OGD), a condition that mimics some aspects of
ischemia, triggered opening of a large conductance and the
bidirectional transfer of small fluorescent tracer molecules.52

Long OGD exposures resulted in irreversible current activa-
tion, neuronal swelling and membrane breakdown. Based on
the absence of Cxs but presence of Panx1 in these neurons,
the large single channel conductance and the effect of the
(non-specific) blockers carbenoxolone and the HC-inhibiting
La3þ ions, the authors concluded that these responses are
likely to be mediated by Panx1 HCs. The mechanism by which
OGD leads to Panx HC opening is not clear but may involve an
increase in cytoplasmic Ca2þ , which is known to occur in
hippocampal neurons after ischemic injury and to activate
Panx HCs.56,152,153 The proposed mechanism of depho-
sphorylation-induced opening of Cx43 HCs in metabolically
inhibited astrocytes could also account for Panx HC opening
as multiple phosphorylation sites have been predicted in
both the cytoplasmic loop and the C-terminal tail of the Panx
protein.45 There is, however, no clear evidence yet of functional
modulation of Panx HCs by this covalent modification.

Similar to Cxs, Panx1 was found to be critical for
inflammatory responses in lipopolysaccharide-stimulated
macrophages pulsed with ATP53 or exposed to the pore-
forming toxins nigericin and maitotoxin,190 through HC-
dependent or HC-independent mechanisms respectively.
With respect to the former, studies further demonstrated that
Panx1 HC opening can be induced by ATP stimulation of P2X7

receptors (P2X7R) and thereby provides an entry pathway for
bacterial inflammatory proteins to make their way to the
cytosol.191 P2X receptors are a family of ionotropic receptors
that open non-selective cation channels when activated by

pyrimidine nucleotides. Interestingly, during prolonged ago-
nist exposure, certain of these receptors like the P2X7R lead to
the opening of a non-selective pore capable of passing large
hydrophilic molecules, leading to cell death by apoptosis or
necrosis.147,148,192–194 In fact, many of the characteristics of
the P2X7R-activated pore seem to match those of HCs,
including blockade by prototypical GJ channel blockers.195 A
number of studies have demonstrated that the large permea-
bilization pore may correspond to Panx1 HCs being recruited
by prolonged P2X7R activation.53,190,193,196 Binding of the
tyrosine kinase Src to the P2X7R seems to be a crucial step in
this process.196 In support of this finding is the observation
that prolonged stimulation of the P2X7R by ATP or an agonist
induced cell death in oocytes and human astrocytoma cells, a
process that was affected by carbenoxolone. Thus, Panx1
appears to be the molecular substrate for the permeabilization
pore or ‘death receptor channel’ recruited into the P2X7R-
signaling complex.193 Panx1 HCs can also be activated by
ATP through the metabotropic P2Y1 and P2Y2 receptors,
presumably through increases in cytoplasmic Ca2þ .56 This,
however, is not accompanied by subsequent membrane
permeabilization and is therefore thought to serve more
physiological functions, such as the communication of Ca2þ

signals between cells,55 a communication pathway that may
be further supported by Panx1 GJs connecting the
cells.48,55,56 In addition, a recent study suggests that Panx1
may also be present in the ER, forming Ca2þ -permeable
channels and representing one of the mechanisms respon-
sible for ER Ca2þ leak.48 The latter may on its turn trigger
apoptotic cell death by facilitating Ca2þ -induced opening of
the mitochondrial permeability transition pore, which has been
implicated in the release of CytC from mitochondria.126,197

In contrast to Panx1, a neuroprotective role was proposed
for Panx2. De novo and transient expression of Panx2 in
astrocytes was observed in the brain of adult rats following
ischemia-reperfusion and in co-cultures of hippocampal
neurons and astrocytes. The authors hypothesized that
Panx2 mediates its neuroprotective effect through the
formation of HCs allowing the release of signaling molecules
devoted to influence the cellular metabolism and the redox
status of the surrounding environment.198

Conclusions and Perspectives

The maintenance of the homeostatic balance is controlled by
the global interplay between three major communicative
networks that make use of extracellular, intracellular and
intercellular signaling pathways. Direct intercellular commu-
nication is mainly mediated by GJ channels composed of Cxs.
The key roles of GJs in the control of cellular proliferation and
differentiation have been demonstrated at numerous occa-
sions over the last few decades.12,15,57 Their participation as
mediators of cell death communication, particularly of
apoptotic cell death, has only gained interest in recent years
but has already brought up the important insight that not only
GJs but also their structural precursors, the HCs and the Cx
proteins as such, influence the cell death process. Strikingly,
Cx-related communication has been found to both facilitate or
counteract the cell death process. Such opposed functions
may, to some extent, relate to differences in the model
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systems used, including the mode of cell death induction.
Different cell death activators may indeed recruit distinct
signaling cascades and messengers that may or may not be
able to pass or activate Cx channels. An additional factor that
may complicate the situation is the fact that the two channel
types, although composed of the same protein, are differen-
tially regulated. Under normal conditions, GJs are open and
HCs are closed and two recent papers indicate that these two
channels can be differentially influenced by the same
stimulus,28,131 for example by arachidonic acid which inhibits
GJs and potentiates HC responses. The decision to stay alive
or die may further depend on the condition of the cell receiving
the message carried through Cx channels. Thus, if the
concerned cell is concomitantly exposed to stress stimuli,
then Cx-related communication may switch from a survival
program to a death mode. Furthermore, the contributions of
Cxs to cell death communication may be adjoined by the Panx
channel family. The specifics and possible differences in the
regulation of Cx versus Panx channels are currently largely
unknown and a major challenge for future work is to elucidate
the exact contribution of GJs and HCs composed of either Cxs
or Panxs, to cell death processes of both the apoptotic or non-
apoptotic type. An equally important challenge concerns the
development of specific blockers that affect HCs or GJs only.
Comparisons between Cx-expressing cells and cells treated
with protocols to silence the concerned gene or obtained from
knockout animals are necessary to unequivocally determine
the involvement of Cx HCs.195 Knockout animal models can,
however, not be used to establish the involvement of Cx HCs
in vivo because both GJs and HCs are suppressed in that
case. The quest is still open but progress is, as expected from
channels composed of the same building blocks, not in
immediate sight. The molecular principles to distinguish GJs
from HCs are still hazy. For instance, Cx mimetic peptides
composed of a short stretch from one of the extracellular Cx
loops are actually expected to open the HCs by a process
similar to ‘loop gating’ but these substances turn out to inhibit
the responses attributed to HCs. Clearly, further work is
needed to bring progress in this complex but tantalizing field:
two distinct channels formed by a single protein that in
addition (and beyond its channel function) has intrinsic
signaling functions is not a simple case at all! In summary,
Cxs and Panxs as well as their corresponding channels
represent multilevel platforms for cell death-related signaling.
It is expected that, upon the introduction of appropriate
experimental tools, more insight will be gained into the exact
molecular mechanisms that underlie Cx- and Panx-inherent
communication in (apoptotic) cell death.

Acknowledgements. This work is supported by the Fund for Scientific
Research Flanders (FWO-Vlaanderen), Belgium (grant nos. G.0354.07 and
G.0140.08 and G.0134.09 to LL) and the Interuniversity Attraction Poles Program
(Belgian Science Policy, project P6/31) and the Research Council of the Vrije
Universiteit Brussel (OZR-VUB). Special thanks go to the European FP6 projects
carcinoGENOMICS and LIINTOP.

1. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol 2007; 35:
495–516.

2. Ferrer I. Apoptosis: future targets for neuroprotective strategies. Cerebrovasc Dis 2006;
21: 9–20.

3. Contreras JE, Sanchez HA, Veliz LP, Bukauskas FF, Bennett MV, Saez JC. Role of

connexin-based gap junction channels and hemichannels in ischemia-induced cell death

in nervous tissue. Brain Res Brain Res Rev 2004; 47: 290–303.
4. Ozoren N, El-Deiry WS. Cell surface Death Receptor signaling in normal and cancer cells.

Semin Cancer Biol 2003; 13: 135–147.
5. Blatt NB, Glick GD. Signaling pathways and effector mechanisms pre-programmed cell

death. Bioorg Med Chem 2001; 9: 1371–1384.
6. Ashe PC, Berry MD. Apoptotic signaling cascades. Prog Neuropsychopharmacol Biol

Psychiatry 2003; 27: 199–214.
7. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: structure, activation,

substrates, and functions during apoptosis. Annu Rev Biochem 1999; 68: 383–424.
8. Wang X. The expanding role of mitochondria in apoptosis. Genes Dev 2001; 15:

2922–2933.
9. Festjens N, Vanden Berghe T, Vandenabeele P. Necrosis, a well-orchestrated form of

cell demise: signalling cascades, important mediators and concomitant immune

response. Biochim Biophys Acta 2006; 1757: 1371–1387.
10. Vanlangenakker N, Berghe TV, Krysko DV, Festjens N, Vandenabeele P. Molecular

mechanisms and pathophysiology of necrotic cell death. Curr Mol Med 2008; 8: 207–220.
11. Evans WH, De Vuyst E, Leybaert L. The gap junction cellular internet: connexin

hemichannels enter the signalling limelight. Biochem J 2006; 397: 1–14.
12. Vinken M, Vanhaecke T, Papeleu P, Snykers S, Henkens T, Rogiers V. Connexins and

their channels in cell growth and cell death. Cell Signal 2006; 18: 592–600.
13. Saez JC, Berthoud VM, Branes MC, Martinez AD, Beyer EC. Plasma membrane

channels formed by connexins: their regulation and functions. Physiol Rev 2003; 83:

1359–1400.
14. Sohl G, Willecke K. An update on connexin genes and their nomenclature in mouse and

man. Cell Commun Adhes 2003; 10: 173–180.
15. Alexander DB, Goldberg GS. Transfer of biologically important molecules between cells

through gap junction channels. Curr Med Chem 2003; 10: 2045–2058.
16. Elfgang C, Eckert R, Lichtenberg-Frate H, Butterweck A, Traub O, Klein RA et al. Specific

permeability and selective formation of gap junction channels in connexin-transfected

HeLa cells. J Cell Biol 1995; 129: 805–817.
17. Bukauskas FF, Elfgang C, Willecke K, Weingart R. Heterotypic gap junction channels

(connexin26-connexin32) violate the paradigm of unitary conductance. Pflugers Arch

1995; 429: 870–872.
18. Kanaporis G, Mese G, Valiuniene L, White TW, Brink PR, Valiunas V. Gap junction

channels exhibit connexin-specific permeability to cyclic nucleotides. J Gen Physiol 2008;

131: 293–305.
19. Goldberg GS, Moreno AP, Lampe PD. Gap junctions between cells expressing connexin

43 or 32 show inverse permselectivity to adenosine and ATP. J Biol Chem 2002; 277:

36725–36730.
20. Bukauskas FF, Verselis VK. Gap junction channel gating. Biochim Biophys Acta 2004;

1662: 42–60.
21. Peracchia C. Chemical gating of gap junction channels; roles of calcium, pH and

calmodulin. Biochim Biophys Acta 2004; 1662: 61–80.
22. Lampe PD, Lau AF. The effects of connexin phosphorylation on gap junctional

communication. Int J Biochem Cell Biol 2004; 36: 1171–1186.
23. Bao X, Chen Y, Reuss L, Altenberg GA. Functional expression in Xenopus oocytes of

gap-junctional hemichannels formed by a cysteine-less connexin 43. J Biol Chem 2004;

279: 9689–9692.
24. Contreras JE, Saez JC, Bukauskas FF, Bennett MV. Functioning of cx43 hemichannels

demonstrated by single channel properties. Cell Commun Adhes 2003; 10: 245–249.
25. Thimm J, Mechler A, Lin H, Rhee S, Lal R. Calcium-dependent open/closed

conformations and interfacial energy maps of reconstituted hemichannels. J Biol Chem

2005; 280: 10646–10654.
26. De Vuyst E, Decrock E, Cabooter L, Dubyak GR, Naus CC, Evans WH et al. Intra-

cellular calcium changes trigger connexin 32 hemichannel opening. EMBO J 2006; 25:

34–44.
27. Gomes P, Srinivas SP, Van Driessche W, Vereecke J, Himpens B. ATP release through

connexin hemichannels in corneal endothelial cells. Invest Ophthalmol Vis Sci 2005; 46:

1208–1218.
28. De Vuyst E, Decrock E, De Bock M, Yamasaki H, Naus CC, Evans WH et al. Connexin

hemichannels and gap junction channels are differentially influenced by

lipopolysaccharide and basic fibroblast growth factor. Mol Biol Cell 2007; 18: 34–46.
29. Retamal MA, Schalper KA, Shoji KF, Bennett MV, Saez JC. Opening of connexin 43

hemichannels is increased by lowering intracellular redox potential. Proc Natl Acad Sci

USA 2007; 104: 8322–8327.
30. Ramachandran S, Xie LH, John SA, Subramaniam S, Lal R. A novel role for connexin

hemichannel in oxidative stress and smoking-induced cell injury. PLoS ONE 2007; 2: e712.
31. Retamal MA, Cortes CJ, Reuss L, Bennett MV, Saez JC. S-nitrosylation and permeation

through connexin 43 hemichannels in astrocytes: induction by oxidant stress and reversal

by reducing agents. Proc Natl Acad Sci USA 2006; 103: 4475–4480.
32. Contreras JE, Sanchez HA, Eugenin EA, Speidel D, Theis M, Willecke K et al. Metabolic

inhibition induces opening of unapposed connexin 43 gap junction hemichannels and

reduces gap junctional communication in cortical astrocytes in culture. Proc Natl Acad Sci

USA 2002; 99: 495–500.

Connexins and apoptosis
E Decrock et al

533

Cell Death and Differentiation



33. Retamal MA, Schalper KA, Shoji KF, Orellana JA, Bennett MV, Saez JC. Possible

involvement of different connexin43 domains in plasma membrane permeabilization

induced by ischemia-reperfusion. J Membr Biol 2007; 218: 49–63.
34. Stong BC, Chang Q, Ahmad S, Lin X. A novel mechanism for connexin 26 mutation linked

deafness: cell death caused by leaky gap junction hemichannels. Laryngoscope 2006;

116: 2205–2210.
35. Gomez-Hernandez JM, de Miguel M, Larrosa B, Gonzalez D, Barrio LC. Molecular basis

of calcium regulation in connexin-32 hemichannels. Proc Natl Acad Sci USA 2003; 100:

16030–16035.
36. Liang GS, de Miguel M, Gomez-Hernandez JM, Glass JD, Scherer SS, Mintz M et al.

Severe neuropathy with leaky connexin32 hemichannels. Ann Neurol 2005; 57: 749–754.
37. Gerido DA, DeRosa AM, Richard G, White TW. Aberrant hemichannel properties of Cx26

mutations causing skin disease and deafness. Am J Physiol Cell Physiol 2007; 293:

C337–C345.
38. Li F, Sugishita K, Su Z, Ueda I, Barry WH. Activation of connexin-43 hemichannels can

elevate [Ca(2+)]i and [Na(+)]i in rabbit ventricular myocytes during metabolic inhibition.

J Mol Cell Cardiol 2001; 33: 2145–2155.
39. Bruzzone S, Guida L, Zocchi E, Franco L, De Flora A. Connexin 43 hemi channels mediate

Ca2+-regulated transmembrane NAD+ fluxes in intact cells. FASEB J 2001; 15: 10–12.
40. Kang J, Kang N, Lovatt D, Torres A, Zhao Z, Lin J et al. Connexin 43 hemichannels are

permeable to ATP. J Neurosci 2008; 28: 4702–4711.
41. Ye ZC, Wyeth MS, Baltan-Tekkok S, Ransom BR. Functional hemichannels in astrocytes:

a novel mechanism of glutamate release. J Neurosci 2003; 23: 3588–3596.
42. Cherian PP, Siller-Jackson AJ, Gu S, Wang X, Bonewald LF, Sprague E et al. Mechanical

strain opens connexin 43 hemichannels in osteocytes: a novel mechanism for the release

of prostaglandin. Mol Biol Cell 2005; 16: 3100–3106.
43. Rana S, Dringen R. Gap junction hemichannel-mediated release of glutathione from

cultured rat astrocytes. Neurosci Lett 2007; 415: 45–48.
44. Baranova A, Ivanov D, Petrash N, Pestova A, Skoblov M, Kelmanson I et al. The

mammalian pannexin family is homologous to the invertebrate innexin gap junction

proteins. Genomics 2004; 83: 706–716.
45. Shestopalov VI, Panchin Y. Pannexins and gap junction protein diversity. Cell Mol Life Sci

2008; 65: 376–394.
46. Bruzzone R, Barbe MT, Jakob NJ, Monyer H. Pharmacological properties of homomeric

and heteromeric pannexin hemichannels expressed in Xenopus oocytes. J Neurochem

2005; 92: 1033–1043.
47. Bruzzone R, Hormuzdi SG, Barbe MT, Herb A, Monyer H. Pannexins, a family of

gap junction proteins expressed in brain. Proc Natl Acad Sci USA 2003; 100:

13644–13649.
48. Vanden Abeele F, Bidaux G, Gordienko D, Beck B, Panchin YV, Baranova AV et al.

Functional implications of calcium permeability of the channel formed by pannexin 1.

J Cell Biol 2006; 174: 535–546.
49. Huang Y, Grinspan JB, Abrams CK, Scherer SS. Pannexin1 is expressed by neurons and

glia but does not form functional gap junctions. Glia 2007; 55: 46–56.
50. Penuela S, Bhalla R, Gong XQ, Cowan KN, Celetti SJ, Cowan BJ et al. Pannexin 1 and

pannexin 3 are glycoproteins that exhibit many distinct characteristics from the connexin

family of gap junction proteins. J Cell Sci 2007; 120: 3772–3783.
51. Locovei S, Bao L, Dahl G. Pannexin 1 in erythrocytes: function without a gap. Proc Natl

Acad Sci USA 2006; 103: 7655–7659.
52. Thompson RJ, Zhou N, MacVicar BA. Ischemia opens neuronal gap junction

hemichannels. Science 2006; 312: 924–927.
53. Pelegrin P, Surprenant A. Pannexin-1 mediates large pore formation and interleukin-

1beta release by the ATP-gated P2X7 receptor. EMBO J 2006; 25: 5071–5082.
54. Bao L, Locovei S, Dahl G. Pannexin membrane channels are mechanosensitive conduits

for ATP. FEBS Lett 2004; 572: 65–68.
55. Huang YJ, Maruyama Y, Dvoryanchikov G, Pereira E, Chaudhari N, Roper SD. The role

of pannexin 1 hemichannels in ATP release and cell-cell communication in mouse taste

buds. Proc Natl Acad Sci USA 2007; 104: 6436–6441.
56. Locovei S, Wang J, Dahl G. Activation of pannexin 1 channels by ATP through P2Y

receptors and by cytoplasmic calcium. FEBS Lett 2006; 580: 239–244.
57. Bruzzone R, Dermietzel R. Structure and function of gap junctions in the developing brain.

Cell Tissue Res 2006; 326: 239–248.
58. Krysko DV, Leybaert L, Vandenabeele P, D’Herde K. Gap junctions and the propagation

of cell survival and cell death signals. Apoptosis 2005; 10: 459–469.
59. Rodriguez-Sinovas A, Cabestrero A, Lopez D, Torre I, Morente M, Abellan A et al. The

modulatory effects of connexin 43 on cell death/survival beyond cell coupling. Prog

Biophys Mol Biol 2007; 94: 219–232.
60. de Pina-Benabou MH, Szostak V, Kyrozis A, Rempe D, Uziel D, Urban-Maldonado M

et al. Blockade of gap junctions in vivo provides neuroprotection after perinatal global

ischemia. Stroke 2005; 36: 2232–2237.
61. de Rivero Vaccari JC, Corriveau RA, Belousov AB. Gap junctions are required for

NMDA receptor dependent cell death in developing neurons. J Neurophysiol 2007; 98:

2878–2886.
62. Frank DK, Szymkowiak B, Josifovska-Chopra O, Nakashima T, Kinnally KW. Single-cell

microinjection of cytochrome c can result in gap junction-mediated apoptotic cell death of

bystander cells in head and neck cancer. Head Neck 2005; 27: 794–800.

63. Decrock E, De Vuyst E, Vinken M, Van Moorhem M, Vranckx K, Wang N et al. Connexin

43 hemichannels contribute to the propagation of apoptotic cell death in a rat C6 glioma

cell model. Cell Death Differ 2009; 16: 151–163.
64. Elcock FJ, Chipman JK, Roberts RA. The rodent nongenotoxic hepatocarcinogen and

peroxisome proliferator nafenopin inhibits intercellular communication in rat but not

guinea-pig hepatocytes, perturbing S-phase but not apoptosis. Arch Toxicol 1998; 72:

439–444.
65. Kolaja KL, Engelken DT, Klaassen CD. Inhibition of gap-junctional-intercellular

communication in intact rat liver by nongenotoxic hepatocarcinogens. Toxicology 2000;

146: 15–22.
66. Fujimoto E, Sato H, Shirai S, Nagashima Y, Fukumoto K, Hagiwara H et al. Connexin32

as a tumor suppressor gene in a metastatic renal cell carcinoma cell line. Oncogene 2005;

24: 3684–3690.
67. Fujimoto E, Sato H, Nagashima Y, Negishi E, Shirai S, Fukumoto K et al. A Src family

inhibitor (PP1) potentiates tumor-suppressive effect of connexin 32 gene in renal cancer

cells. Life Sci 2005; 76: 2711–2720.
68. Huang R, Liu YG, Lin Y, Fan Y, Boynton A, Yang D et al. Enhanced apoptosis under low

serum conditions in human glioblastoma cells by connexin 43 (Cx43). Mol Carcinog 2001;

32: 128–138.
69. Huang RP, Hossain MZ, Huang R, Gano J, Fan Y, Boynton AL. Connexin 43 (cx43)

enhances chemotherapy-induced apoptosis in human glioblastoma cells. Int J Cancer

2001; 92: 130–138.
70. Kalvelyte A, Imbrasaite A, Bukauskiene A, Verselis VK, Bukauskas FF. Connexins and

apoptotic transformation. Biochem Pharmacol 2003; 66: 1661–1672.
71. Muramatsu A, Iwai M, Morikawa T, Tanaka S, Mori T, Harada Y et al. Influence of

transfection with connexin 26 gene on malignant potential of human hepatoma cells.

Carcinogenesis 2002; 23: 351–358.
72. Sato H, Fukumoto K, Hada S, Hagiwara H, Fujimoto E, Negishi E et al. Enhancing effect

of connexin 32 gene on vinorelbine-induced cytotoxicity in A549 lung adenocarcinoma

cells. Cancer Chemother Pharmacol 2007; 60: 449–457.
73. Hosoya S, Lu Z, Ozaki Y, Takeuchi M, Sato T. Cytological analysis of the mother cell

death process during sporulation in Bacillus subtilis. J Bacteriol 2007; 189: 2561–2565.
74. Seul KH, Kang KY, Lee KS, Kim SH, Beyer EC. Adenoviral delivery of human connexin37

induces endothelial cell death through apoptosis. Biochem Biophys Res Commun 2004;

319: 1144–1151.
75. Tanaka M, Grossman HB. Connexin 26 gene therapy of human bladder cancer: induction

of growth suppression, apoptosis, and synergy with Cisplatin. Hum Gene Ther 2001; 12:

2225–2236.
76. Tanaka M, Grossman HB. Connexin 26 induces growth suppression, apoptosis and

increased efficacy of doxorubicin in prostate cancer cells. Oncol Rep 2004; 11: 537–541.
77. Udawatte C, Ripps H. The spread of apoptosis through gap-junctional channels in BHK

cells transfected with Cx32. Apoptosis 2005; 10: 1019–1029.
78. Wang M, Berthoud VM, Beyer EC. Connexin43 increases the sensitivity of prostate

cancer cells to TNFalpha-induced apoptosis. J Cell Sci 2007; 120: 320–329.
79. Cusato K, Bosco A, Rozental R, Guimaraes CA, Reese BE, Linden R et al. Gap

junctions mediate bystander cell death in developing retina. J Neurosci 2003; 23:

6413–6422.
80. Krutovskikh VA, Piccoli C, Yamasaki H. Gap junction intercellular communication

propagates cell death in cancerous cells. Oncogene 2002; 21: 1989–1999.
81. Lin JH, Weigel H, Cotrina ML, Liu S, Bueno E, Hansen AJ et al. Gap-junction-mediated

propagation and amplification of cell injury. Nat Neurosci 1998; 1: 494–500.
82. Rawanduzy A, Hansen A, Hansen TW, Nedergaard M. Effective reduction of

infarct volume by gap junction blockade in a rodent model of stroke. J Neurosurg

1997; 87: 916–920.
83. Frantseva MV, Kokarovtseva L, Naus CG, Carlen PL, MacFabe D, Perez Velazquez JL.

Specific gap junctions enhance the neuronal vulnerability to brain traumatic injury.

J Neurosci 2002; 22: 644–653.
84. Farahani R, Pina-Benabou MH, Kyrozis A, Siddiq A, Barradas PC, Chiu FC et al.

Alterations in metabolism and gap junction expression may determine the role of

astrocytes as ‘‘good samaritans’’ or executioners. Glia 2005; 50: 351–361.
85. Andrade-Rozental AF, Rozental R, Hopperstad MG, Wu JK, Vrionis FD, Spray DC.

Gap junctions: the ‘kiss of death’ and the ‘kiss of life’. Brain Res Brain Res Rev 2000; 32:

308–315.
86. Mesnil M, Yamasaki H. Bystander effect in herpes simplex virus-thymidine kinase/

ganciclovir cancer gene therapy: role of gap-junctional intercellular communication.

Cancer Res 2000; 60: 3989–3999.
87. Yamasaki H, Omori Y, Krutovskikh V, Zhu W, Mironov N, Yamakage K et al. Connexins in

tumour suppression and cancer therapy. Novartis Found Symp 1999; 219: 241–254;

discussion 254–260.
88. Neijssen J, Herberts C, Drijfhout JW, Reits E, Janssen L, Neefjes J. Cross-presentation

by intercellular peptide transfer through gap junctions. Nature 2005; 434: 83–88.
89. Krysko DV, Mussche S, Leybaert L, D’Herde K. Gap junctional communication and

connexin43 expression in relation to apoptotic cell death and survival of granulosa cells.

J Histochem Cytochem 2004; 52: 1199–1207.
90. Trosko JE, Goodman JI. Intercellular communication may facilitate apoptosis:

implications for tumor promotion. Mol Carcinog 1994; 11: 8–12.

Connexins and apoptosis
E Decrock et al

534

Cell Death and Differentiation



91. Wilson MR, Close TW, Trosko JE. Cell population dynamics (apoptosis, mitosis, and

cell-cell communication) during disruption of homeostasis. Exp Cell Res 2000; 254:

257–268.
92. Theiss C, Mazur A, Meller K, Mannherz HG. Changes in gap junction organization and

decreased coupling during induced apoptosis in lens epithelial and NIH-3T3 cells. Exp

Cell Res 2007; 313: 38–52.
93. Yin X, Gu S, Jiang JX. Regulation of lens connexin 45.6 by apoptotic protease, caspase-

3. Cell Commun Adhes 2001; 8: 373–376.
94. Lin D, Shanks D, Prakash O, Takemoto DJ. Protein kinase C gamma mutations in the

C1B domain cause caspase-3-linked apoptosis in lens epithelial cells through gap

junctions. Exp Eye Res 2007; 85: 113–122.
95. Lin D, Takemoto DJ. Oxidative activation of protein kinase Cgamma through the C1

domain. Effects on gap junctions. J Biol Chem 2005; 280: 13682–13693.
96. Prochazka L, Turanek J, Tesarik R, Knotigova P, Polaskova P, Andrysik Z et al. Apoptosis

and inhibition of gap-junctional intercellular communication induced by LA-12, a novel

hydrophobic platinum(IV) complex. Arch Biochem Biophys 2007; 462: 54–61.
97. Ogawa T, Hayashi T, Tokunou M, Nakachi K, Trosko JE, Chang CC et al. Suberoylanilide

hydroxamic acid enhances gap junctional intercellular communication via acetylation of

histone containing connexin 43 gene locus. Cancer Res 2005; 65: 9771–9778.
98. Hao JL, Suzuki K, Lu Y, Hirano S, Fukuda K, Kumagai N et al. Inhibition of gap junction-

mediated intercellular communication by TNF-alpha in cultured human corneal

fibroblasts. Invest Ophthalmol Vis Sci 2005; 46: 1195–1200.
99. Xie H, Laird DW, Chang TH, Hu VW. A mitosis-specific phosphorylation of the gap

junction protein connexin43 in human vascular cells: biochemical characterization and

localization. J Cell Biol 1997; 137: 203–210.
100. Lampe PD, Kurata WE, Warn-Cramer BJ, Lau AF. Formation of a distinct connexin43

phosphoisoform in mitotic cells is dependent upon p34cdc2 kinase. J Cell Sci 1998; 111:

833–841.
101. Kanemitsu MY, Jiang W, Eckhart W. Cdc2-mediated phosphorylation of the gap junction

protein, connexin43, during mitosis. Cell Growth Differ 1998; 9: 13–21.
102. Albright CD, Kuo J, Jeong S. cAMP enhances Cx43 gap junction formation and function

and reverses choline deficiency apoptosis. Exp Mol Pathol 2001; 71: 34–39.
103. Nakase T, Fushiki S, Sohl G, Theis M, Willecke K, Naus CC. Neuroprotective role of

astrocytic gap junctions in ischemic stroke. Cell Commun Adhes 2003; 10: 413–417.
104. Blanc EM, Bruce-Keller AJ, Mattson MP. Astrocytic gap junctional communication

decreases neuronal vulnerability to oxidative stress-induced disruption of Ca2+

homeostasis and cell death. J Neurochem 1998; 70: 958–970.
105. Cohen-Salmon M, Ott T, Michel V, Hardelin JP, Perfettini I, Eybalin M et al. Targeted

ablation of connexin26 in the inner ear epithelial gap junction network causes hearing

impairment and cell death. Curr Biol 2002; 12: 1106–1111.
106. Giardina SF, Mikami M, Goubaeva F, Yang J. Connexin 43 confers resistance to hydrogen

peroxide-mediated apoptosis. Biochem Biophys Res Commun 2007; 362: 747–752.
107. Hutnik CM, Pocrnich CE, Liu H, Laird DW, Shao Q. The protective effect of functional

connexin43 channels on a human epithelial cell line exposed to oxidative stress. Invest

Ophthalmol Vis Sci 2008; 49: 800–806.
108. Jin EJ, Lee SY, Jung JC, Bang OS, Kang SS. TGF-beta3 inhibits chondrogenesis of

cultured chick leg bud mesenchymal cells via downregulation of connexin 43 and integrin

beta4. J Cell Physiol 2008; 214: 345–353.
109. Kruger O, Plum A, Kim JS, Winterhager E, Maxeiner S, Hallas G et al. Defective vascular

development in connexin 45-deficient mice. Development 2000; 127: 4179–4193.
110. Lin JH, Yang J, Liu S, Takano T, Wang X, Gao Q et al. Connexin mediates gap junction-

independent resistance to cellular injury. J Neurosci 2003; 23: 430–441.
111. Melanson-Drapeau L, Beyko S, Dave S, Hebb AL, Franks DJ, Sellitto C et al.

Oligodendrocyte progenitor enrichment in the connexin32 null-mutant mouse. J Neurosci

2003; 23: 1759–1768.
112. Ott T, Jokwitz M, Lenhard D, Romualdi A, Dombrowski F, Ittrich C et al. Ablation of gap

junctional communication in hepatocytes of transgenic mice does not lead to disrupted

cellular homeostasis or increased spontaneous tumourigenesis. Eur J Cell Biol 2006; 85:

717–728.
113. Paraguassu-Braga FH, Borojevic R, Bouzas LF, Barcinski MA, Bonomo A. Bone marrow

stroma inhibits proliferation and apoptosis in leukemic cells through gap junction-

mediated cell communication. Cell Death Differ 2003; 10: 1101–1108.
114. Walker DL, Vacha SJ, Kirby ML, Lo CW. Connexin43 deficiency causes dysregulation of

coronary vasculogenesis. Dev Biol 2005; 284: 479–498.
115. Yasui K, Kada K, Hojo M, Lee JK, Kamiya K, Toyama J et al. Cell-to-cell interaction

prevents cell death in cultured neonatal rat ventricular myocytes. Cardiovasc Res 2000;

48: 68–76.
116. Nakase T, Sohl G, Theis M, Willecke K, Naus CC. Increased apoptosis and inflammation

after focal brain ischemia in mice lacking connexin43 in astrocytes. Am J Pathol 2004;

164: 2067–2075.
117. Goubaeva F, Mikami M, Giardina S, Ding B, Abe J, Yang J. Cardiac mito-

chondrial connexin 43 regulates apoptosis. Biochem Biophys Res Commun 2007; 352:

97–103.
118. Satomi Y, Nishino H, Shibata S. Glycyrrhetinic acid and related compounds induce G1

arrest and apoptosis in human hepatocellular carcinoma HepG2. Anticancer Res 2005;

25: 4043–4047.

119. Wong RC, Dottori M, Koh KL, Nguyen LT, Pera MF, Pebay A. Gap junctions modulate
apoptosis and colony growth of human embryonic stem cells maintained in a serum-free
system. Biochem Biophys Res Commun 2006; 344: 181–188.

120. Lee NP, Leung KW, Wo JY, Tam PC, Yeung WS, Luk JM. Blockage of testicular
connexins induced apoptosis in rat seminiferous epithelium. Apoptosis 2006; 11:
1215–1229.

121. Evans WH, Boitano S. Connexin mimetic peptides: specific inhibitors of gap-junctional
intercellular communication. Biochem Soc Trans 2001; 29: 606–612.

122. Cusato K, Ripps H, Zakevicius J, Spray DC. Gap junctions remain open during
cytochrome c-induced cell death: relationship of conductance to ‘bystander’ cell killing.
Cell Death Differ 2006; 13: 1707–1714.

123. Boitano S, Dirksen ER, Sanderson MJ. Intercellular propagation of calcium waves
mediated by inositol trisphosphate. Science 1992; 258: 292–295.

124. Chen R, Valencia I, Zhong F, McColl KS, Roderick HL, Bootman MD et al. Bcl-2
functionally interacts with inositol 1,4,5-trisphosphate receptors to regulate calcium
release from the ER in response to inositol 1,4,5-trisphosphate. J Cell Biol 2004; 166:
193–203.

125. Rong YP, Aromolaran AS, Bultynck G, Zhong F, Li X, McColl K et al. Targeting Bcl-2-IP3
receptor interaction to reverse Bcl-2’s inhibition of apoptotic calcium signals. Mol Cell
2008; 31: 255–265.

126. Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium-apoptosis
link. Nat Rev Mol Cell Biol 2003; 4: 552–565.

127. Boehning D, Patterson RL, Snyder SH. Apoptosis and calcium: new roles for cytochrome
c and inositol 1,4,5-trisphosphate. Cell Cycle 2004; 3: 252–254.

128. Rong Y, Distelhorst CW. Bcl-2 protein family members: versatile regulators of calcium
signaling in cell survival and apoptosis. Annu Rev Physiol 2008; 70: 73–91.

129. Dupont G, Combettes L, Leybaert L. Calcium dynamics: spatio-temporal organization
from the subcellular to the organ level. Int Rev Cytol 2007; 261: 193–245.

130. Ebihara L. New roles for connexons. News Physiol Sci 2003; 18: 100–103.
131. Retamal MA, Froger N, Palacios-Prado N, Ezan P, Saez PJ, Saez JC et al. Cx43

hemichannels and gap junction channels in astrocytes are regulated oppositely by
proinflammatory cytokines released from activated microglia. J Neurosci 2007; 27:
13781–13792.

132. Abrams CK, Bennett MV, Verselis VK, Bargiello TA. Voltage opens unopposed gap
junction hemichannels formed by a connexin 32 mutant associated with X-linked Charcot-
Marie-Tooth disease. Proc Natl Acad Sci USA 2002; 99: 3980–3984.

133. Essenfelder GM, Bruzzone R, Lamartine J, Charollais A, Blanchet-Bardon C, Barbe MT
et al. Connexin30 mutations responsible for hidrotic ectodermal dysplasia cause
abnormal hemichannel activity. Hum Mol Genet 2004; 13: 1703–1714.

134. Schock SC, Leblanc D, Hakim AM, Thompson CS. ATP release by way of connexin 36
hemichannels mediates ischemic tolerance in vitro. Biochem Biophys Res Commun
2008; 368: 138–144.

135. Stridh MH, Tranberg M, Weber SG, Blomstrand F, Sandberg M. Stimulated efflux of
amino acids and glutathione from cultured hippocampal slices by omission of extra-
cellular calcium: likely involvement of connexin hemichannels. J Biol Chem 2008; 283:
10347–10356.

136. Takeuchi H, Jin S, Wang J, Zhang G, Kawanokuchi J, Kuno R et al. Tumor necrosis
factor-alpha induces neurotoxicity via glutamate release from hemichannels of activated
microglia in an autocrine manner. J Biol Chem 2006; 281: 21362–21368.

137. Hur KC, Shim JE, Johnson RG. A potential role for cx43-hemichannels in staurosporin-
induced apoptosis. Cell Commun Adhes 2003; 10: 271–277.

138. Leist M, Single B, Castoldi AF, Kuhnle S, Nicotera P. Intracellular adenosine triphosphate
(ATP) concentration: a switch in the decision between apoptosis and necrosis. J Exp Med
1997; 185: 1481–1486.

139. Saez JC, Contreras JE, Bukauskas FF, Retamal MA, Bennett MV. Gap junction
hemichannels in astrocytes of the CNS. Acta Physiol Scand 2003; 179: 9–22.

140. Turner MS, Haywood GA, Andreka P, You L, Martin PE, Evans WH et al. Reversible
connexin 43 dephosphorylation during hypoxia and reoxygenation is linked to cellular ATP
levels. Circ Res 2004; 95: 726–733.

141. Vergara L, Bao X, Bello-Reuss E, Reuss L. Do connexin 43 gap-junctional hemichannels
activate and cause cell damage during ATP depletion of renal-tubule cells? Acta Physiol
Scand 2003; 179: 33–38.

142. Tran Van Nhieu G, Clair C, Bruzzone R, Mesnil M, Sansonetti P, Combettes L. Connexin-
dependent inter-cellular communication increases invasion and dissemination of Shigella
in epithelial cells. Nat Cell Biol 2003; 5: 720–726.

143. Schrier SM, Florea BI, Mulder GJ, Nagelkerke JF, AP IJ. Apoptosis induced by
extracellular ATP in the mouse neuroblastoma cell line N1E-115: studies on involvement
of P2 receptors and adenosine. Biochem Pharmacol 2002; 63: 1119–1126.

144. Dunwiddie TV, Masino SA. The role and regulation of adenosine in the central nervous
system. Annu Rev Neurosci 2001; 24: 31–55.

145. Franke H, Krugel U, Illes P. P2 receptors and neuronal injury. Pflugers Arch 2006; 452:
622–644.

146. Chow SC, Kass GE, Orrenius S. Purines and their roles in apoptosis. Neuropharmacology
1997; 36: 1149–1156.

147. Ferrari D, Los M, Bauer MK, Vandenabeele P, Wesselborg S, Schulze-Osthoff K. P2Z
purinoreceptor ligation induces activation of caspases with distinct roles in apoptotic and
necrotic alterations of cell death. FEBS Lett 1999; 447: 71–75.

Connexins and apoptosis
E Decrock et al

535

Cell Death and Differentiation



148. Tsukimoto M, Harada H, Ikari A, Takagi K. Involvement of chloride in apoptotic cell
death induced by activation of ATP-sensitive P2X7 purinoceptor. J Biol Chem 2005; 280:
2653–2658.

149. Jabbour HN, Kelly RW, Boddy SC. Autocrine/paracrine regulation of apoptosis in
epithelial cells by prostaglandin E2. Prostaglandins Leukot Essent Fatty Acids 2002; 67:
357–363.

150. Vajda FJ. Neuroprotection and neurodegenerative disease. J Clin Neurosci 2002;
9: 4–8.

151. Arthur DB, Georgi S, Akassoglou K, Insel PA. Inhibition of apoptosis by P2Y2 receptor
activation: novel pathways for neuronal survival. J Neurosci 2006; 26: 3798–3804.

152. Bano D, Nicotera P. Ca2+ signals and neuronal death in brain ischemia. Stroke 2007; 38:
674–676.

153. Zipfel GJ, Babcock DJ, Lee JM, Choi DW. Neuronal apoptosis after CNS injury: the roles
of glutamate and calcium. J Neurotrauma 2000; 17: 857–869.

154. Abbracchio MP, Verderio C. Pathophysiological roles of P2 receptors in glial cells.
Novartis Found Symp 2006; 276: 91–103; discussion 103–112, 275–181.

155. Lahne M, Gale JE. Damage-induced activation of ERK1/2 in cochlear supporting cells is a
hair cell death-promoting signal that depends on extracellular ATP and calcium.
J Neurosci 2008; 28: 4918–4928.

156. Lin JH, Lou N, Kang N, Takano T, Hu F, Han X et al. A central role of connexin 43 in
hypoxic preconditioning. J Neurosci 2008; 28: 681–695.

157. Yawata I, Takeuchi H, Doi Y, Liang J, Mizuno T, Suzumura A. Macrophage-induced
neurotoxicity is mediated by glutamate and attenuated by glutaminase inhibitors and gap
junction inhibitors. Life Sci 2008; 82: 1111–1116.

158. Naus CC, Ozog MA, Bechberger JF, Nakase T. A neuroprotective role for gap junctions.
Cell Commun Adhes 2001; 8: 325–328.

159. O’Carroll SJ, Alkadhi M, Nicholson LF, Green CR. Connexin 43 mimetic peptides reduce
swelling, astrogliosis, and neuronal cell death after spinal cord injury. Cell Commun Adhes
2008; 15: 27–42.

160. Danesh-Meyer HV, Huang R, Nicholson LF, Green CR. Connexin43 antisense
oligodeoxynucleotide treatment down-regulates the inflammatory response in an in
vitro interphase organotypic culture model of optic nerve ischaemia. J Clin Neurosci 2008;
15: 1253–1263.

161. Krysko DV, D’Herde K, Vandenabeele P. Clearance of apoptotic and necrotic cells and its
immunological consequences. Apoptosis 2006; 11: 1709–1726.

162. Krysko DV, Vandenabeele P. From regulation of dying cell engulfment to development of
anti-cancer therapy. Cell Death Differ 2008; 15: 29–38.

163. Plotkin LI, Manolagas SC, Bellido T. Transduction of cell survival signals by connexin-43
hemichannels. J Biol Chem 2002; 277: 8648–8657.

164. Boengler K, Dodoni G, Rodriguez-Sinovas A, Cabestrero A, Ruiz-Meana M, Gres P et al.
Connexin 43 in cardiomyocyte mitochondria and its increase by ischemic preconditioning.
Cardiovasc Res 2005; 67: 234–244.

165. Rodriguez-Sinovas A, Boengler K, Cabestrero A, Gres P, Morente M, Ruiz-Meana M et al.
Translocation of connexin 43 to the inner mitochondrial membrane of cardiomyocytes
through the heat shock protein 90-dependent TOM pathway and its importance for
cardioprotection. Circ Res 2006; 99: 93–101.

166. Ruiz-Meana M, Rodriguez-Sinovas A, Cabestrero A, Boengler K, Heusch G, Garcia-
Dorado D. Mitochondrial connexin43 as a new player in the pathophysiology of
myocardial ischaemia-reperfusion injury. Cardiovasc Res 2008; 77: 325–333.

167. Schulz R, Boengler K, Totzeck A, Luo Y, Garcia-Dorado D, Heusch G. Connexin 43 in
ischemic pre- and postconditioning. Heart Fail Rev 2007; 12: 261–266.

168. Fujimoto E, Satoh H, Negishi E, Ueno K, Nagashima Y, Hagiwara K et al. Negative growth
control of renal cell carcinoma cell by connexin 32: possible involvement of Her-2.
Mol Carcinog 2004; 40: 135–142.

169. Goldberg GS, Bechberger JF, Tajima Y, Merritt M, Omori Y, Gawinowicz MA et al.
Connexin43 suppresses MFG-E8 while inducing contact growth inhibition of glioma cells.
Cancer Res 2000; 60: 6018–6026.

170. Huang RP, Fan Y, Hossain MZ, Peng A, Zeng ZL, Boynton AL. Reversion of the
neoplastic phenotype of human glioblastoma cells by connexin 43 (cx43). Cancer Res
1998; 58: 5089–5096.

171. Princen F, Robe P, Gros D, Jarry-Guichard T, Gielen J, Merville MP et al. Rat gap
junction connexin-30 inhibits proliferation of glioma cell lines. Carcinogenesis 2001; 22:
507–513.

172. Zhang YW, Kaneda M, Morita I. The gap junction-independent tumor-suppressing effect
of connexin 43. J Biol Chem 2003; 278: 44852–44856.

173. Gu S, Yu XS, Yin X, Jiang JX. Stimulation of lens cell differentiation by gap junction
protein connexin 45.6. Invest Ophthalmol Vis Sci 2003; 44: 2103–2111.

174. Jiang JX, Gu S. Gap junction- and hemichannel-independent actions of connexins.
Biochim Biophys Acta 2005; 1711: 208–214.

175. Kanczuga-Koda L, Sulkowski S, Tomaszewski J, Koda M, Sulkowska M, Przystupa W
et al. Connexins 26 and 43 correlate with Bak, but not with Bcl-2 protein in breast cancer.
Oncol Rep 2005; 14: 325–329.

176. Kanczuga-Koda L, Sulkowski S, Koda M, Skrzydlewska E, Sulkowska M. Connexin 26
correlates with Bcl-xL and Bax proteins expression in colorectal cancer. World J
Gastroenterol 2005; 11: 1544–1548.

177. Fujimoto E, Sato H, Shirai S, Nagashima Y, Virgona N, Hagiwara K et al. Inhibition of Src
activity enhances the tumor-suppressive effect of the connexin 32 gene in Caki-1 renal
cancer cells. Oncol Rep 2006; 15: 1359–1365.

178. Iacobas DA, Urban-Maldonado M, Iacobas S, Scemes E, Spray DC. Array analysis of
gene expression in connexin-43 null astrocytes. Physiol Genomics 2003; 15: 177–190.

179. Stains JP, Civitelli R. Gap junctions regulate extracellular signal-regulated kinase
signaling to affect gene transcription. Mol Biol Cell 2005; 16: 64–72.

180. Stains JP, Lecanda F, Screen J, Towler DA, Civitelli R. Gap junctional communication
modulates gene transcription by altering the recruitment of Sp1 and Sp3 to connexin-
response elements in osteoblast promoters. J Biol Chem 2003; 278: 24377–24387.

181. Dang X, Doble BW, Kardami E. The carboxy-tail of connexin-43 localizes to the nucleus
and inhibits cell growth. Mol Cell Biochem 2003; 242: 35–38.

182. Moorby C, Patel M. Dual functions for connexins: Cx43 regulates growth independently of
gap junction formation. Exp Cell Res 2001; 271: 238–248.

183. Herve JC, Bourmeyster N, Sarrouilhe D, Duffy HS. Gap junctional complexes: from
partners to functions. Prog Biophys Mol Biol 2007; 94: 29–65.

184. Kardami E, Dang X, Iacobas DA, Nickel BE, Jeyaraman M, Srisakuldee W et al. The role
of connexins in controlling cell growth and gene expression. Prog Biophys Mol Biol 2007;
94: 245–264.

185. Ai Z, Fischer A, Spray DC, Brown AM, Fishman GI. Wnt-1 regulation of connexin43 in
cardiac myocytes. J Clin Invest 2000; 105: 161–171.

186. Kim PJ, Plescia J, Clevers H, Fearon ER, Altieri DC. Survivin and molecular pathogenesis
of colorectal cancer. Lancet 2003; 362: 205–209.

187. Xie H, Huang Z, Sadim MS, Sun Z. Stabilized beta-catenin extends thymocyte survival by
up-regulating Bcl-xL. J Immunol 2005; 175: 7981–7988.

188. Li Q, Dashwood WM, Zhong X, Nakagama H, Dashwood RH. Bcl-2 over-
expression in PhIP-induced colon tumors: cloning of the rat Bcl-2 promoter and
characterization of a pathway involving beta-catenin, c-Myc and E2F1. Oncogene 2007;
26: 6194–6202.

189. Sharrow AC, Li Y, Micsenyi A, Griswold RD, Wells A, Monga SS et al. Modulation of
osteoblast gap junction connectivity by serum, TNFalpha, and TRAIL. Exp Cell Res 2008;
314: 297–308.

190. Pelegrin P, Surprenant A. Pannexin-1 couples to maitotoxin- and nigericin-induced
interleukin-1beta release through a dye uptake-independent pathway. J Biol Chem 2007;
282: 2386–2394.

191. Kanneganti TD, Lamkanfi M, Kim YG, Chen G, Park JH, Franchi L et al. Pannexin-1-
mediated recognition of bacterial molecules activates the cryopyrin inflammasome
independent of Toll-like receptor signaling. Immunity 2007; 26: 433–443.

192. Smart ML, Gu B, Panchal RG, Wiley J, Cromer B, Williams DA et al. P2X7 receptor cell
surface expression and cytolytic pore formation are regulated by a distal C-terminal
region. J Biol Chem 2003; 278: 8853–8860.

193. Locovei S, Scemes E, Qiu F, Spray DC, Dahl G. Pannexin1 is part of the pore forming unit
of the P2X(7) receptor death complex. FEBS Lett 2007; 581: 483–488.

194. Egan TM, Samways DS, Li Z. Biophysics of P2X receptors. Pflugers Arch 2006; 452:
501–512.

195. Spray DC, Ye ZC, Ransom BR. Functional connexin ‘‘hemichannels’’: a critical appraisal.
Glia 2006; 54: 758–773.

196. Iglesias R, Locovei S, Roque AP, Alberto AP, Dahl G, Spray DC et al. P2X7 receptor-
Pannexin1 complex: Pharmacology and signaling. Am J Physiol Cell Physiol 2008; 295:
C752–C760.

197. Szalai G, Krishnamurthy R, Hajnoczky G. Apoptosis driven by IP(3)-linked m. EMBO J
1999; 18: 6349–6361.

198. Zappala A, Li Volti G, Serapide MF, Pellitteri R, Falchi M, La Delia F et al. Expression of
pannexin2 protein in healthy and ischemized brain of adult rats. Neuroscience 2007; 148:
653–667.

Connexins and apoptosis
E Decrock et al

536

Cell Death and Differentiation


	Connexin-related signaling in cell death: to live or let die?
	Main
	Connexin-Based Gap Junction Channels and Cell Death
	Connexin-Based Hemichannels and Cell Death
	Non-Channel Aspects of Connexins in Relation to Cell Death
	Pannexins and Cell Death
	Conclusions and Perspectives
	Acknowledgements
	Note
	References


