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Abstract

Connexins (Cxs) form hemichannels and gap junction channels. Each gap junction channel is composed of two hemichannels, also termed
connexons, one from each of the coupled cells. Hemichannels are hexamers assembled in the ER, the Golgi, or a post Golgi compartment.
They are transported to the cell surface in vesicles and inserted by vesicle fusion, and then dock with a hemichannel in an apposed membrane
to form a cell—cell channel. It was thought that hemichannels should remain closed until docking with another hemichannel because of the
leak they would provide if their permeability and conductance were like those of their corresponding cell—cell channels. Now it is clear that
hemichannels formed by a number of different connexins can open in at least some cells with a finite if low probability, and that their opening
can be modulated under various physiological and pathological conditions. Hemichannels open in different kinds of cells in culture with
conductance and permeability properties predictable from those of the corresponding gap junction channels. Cx43 hemichannels are
preferentially closed in cultured cells under resting conditions, but their open probability can be increased by the application of positive
voltages and by changes in protein phosphorylation and/or redox state. In addition, increased activity can result from the recruitment of
hemichannels to the plasma membrane as seen in metabolically inhibited astrocytes. Mutations of connexins that increase hemichannel open
probability may explain cellular degeneration in several hereditary diseases. Taken together, the data indicate that hemichannels are gated by
multiple mechanisms that independently or cooperatively affect their open probability under physiological as well as pathological conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
A connexin based gap junction channel is made of two
hemichannels or connexons, one in each of the apposed
* Corresponding author. membranes. Each hemichannel is composed of six protein
E-mail address: jsaez@bio.puc.cl (J.C. Saez). subunits termed connexins. Mammalian connexins are
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encoded by a gene family of close to 20 members. We and
others have published reviews on connexin hemichannels
which give the primary references [1-7]. Recently, three
homologs of the protostome gap junction forming proteins,
pannexins or innexins, were found in the mouse and human
genomes; two are expressed in the central nervous system
and they will form gap junctions between Xenopus oocytes,
but their function is not yet determined [8]. Here we
summarize data on mechanisms of hemichannel gating. We
do not address the possible functions of hemichannels that
are not related to gating or insertion into the surface
membrane [6].

Diverse actions are attributed to hemichannel opening
(Table 1) including uptake and release of small molecules
and passage of current (Table 2). These actions are inhibited
by hemichannel and gap junction blockers (Table 1) and are
absent or greatly reduced in cells lines that do not express
connexins (e.g., HeLa and C6 cells) or cells from connexin
knock out animals (e.g., astrocytes from Cx43 knockout
mice). These actions are induced in “communication
incompetent” cell lines by transfection with connexins [3].
Although numerous studies have focused on Cx43 hemi-
channels, other connexin types also form hemichannels with
a non-zero open probability (Table 2). Hemichannels of
commonly studied connexins have been detected on the cell
surface by means of immunological, biochemical and
morphological approaches as well as gene tagging with
fluorescent proteins or a tetracysteine motif (Table 2). In
HeLa cells transfected with Cx43-EGFP the rate of dye
uptake is directly correlated with the expression level of
Cx43-EGFP [9]. Furthermore, only cells expressing Cx43 or
Cx43-EGFP show single channel events with conductance
of about 220 pS, which is twice that of single cell-cell
channels (Table 3). The ratio of hemichannel to cell—cell

channel conductance follows from the series arrangement of
two hemichannels in the cell-cell channel. (A deviation
would be expected in the simplest model, because hemi-
channels and cell—cell channels would have the same access
resistances at the two ends; thus, the unitary resistance is the
sum of the channel lumen resistance and the two access
resistances. The access resistances may be negligible with
respect to the channel lumen resistances, or the access
resistances differ in hemichannels and cell-cell channels.)
The unitary conductance of hemichannels composed of
several other connexin types is also about twice that of the
cell—cell channels (Table 3).

A recent study using excised patches of oocyte mem-
brane containing Cx46 hemichannels demonstrated their
accessibility to several uncharged molecules (molecular
weights of 180—666 Da and 5.8 to 12 A in diameter) [10].
The added molecules decreased single-channel conductance
and open probability. The lifetimes of the apparent
occupancy states were much greater than the transit times
calculated from simple diffusion. An earlier report using the
same approach of measuring single channel conductance in
the presence of uncharged molecules of different sizes
indicated that a particular Cx32 mutation associated with X-
linked Charcot-Marie-Tooth disease decreased the diameter
of the cell—cell channel [11]. Rigorous analyses of perme-
ation including size and charge selectivity are still to be
obtained. This information is likely to be necessary for full
comprehension of the functional roles of hemichannels.

In most hemichannels so far studied, opening is enhanced
at positive membrane potentials and low extracellular [Ca*']
[1-3]. These conditions allowed a convincing demonstration
of functional hemichannels on the surface of HeLa cell
transfectants. They also allowed the characterization of
voltage-dependent gating and pharmacological properties

Table 1

Involvement of hemichannels in diverse actions and blocker(s) of hemichannels that prevent these actions

Connexin Function Cell type Blockers

Cx43 ATP release Astrocytes and C6 glioma FFA and Gd** [17]

Cx43 ATP release Rat brain endothelial cell line and HeLa cells FFA, NPPB, niflumic acid, a-GA [67]
connexin mimetic peptide, Gd** and La®"

Cx43 Glutamate release Astrocytes carbenoxolone, octanol, heptanol, FFA, [40]
a-GA Ca®", Ba**, Sr**, Mg?" and La**

Cx43 NAD" release 3T3 fibroblast B-GA, La>", octanol and oleamide [70]

Cx43 Calcium waves propagation HOBIT a-GA [68]

Calcium waves propagation Radial glia carbenoxolone [69]

Cx43 Cell volume regulation N2A B-GA and oleamide [39]

Cx43 Transduction of survival signals MLO-Y4, HeLa cells a-GA, carbenoxolone and oleamide [71]

Cx43 Metabolic stress HEK293 halothane and La*" [20]

Cx43 Metabolic stress Myocytes La®", halothane and heptanol [21,72]

Cx43 Cell death under metabolic stress Renal tubule cells Gd* [23]

Cx43 Cell death under metabolic stress Astrocytes -GA and octanol [22]

Cx26 Increase Shigella invasion Caco-2/TC7 and HeLa cells «-GA and carbenoxolone [73]

Cx26 Ephaptic inhibition retina Retinal horizontal cells carbenoxolone [74,75]

While all membrane permeant blockers affect both hemichannels and gap junction channels, La** and Gd**, which are membrane impermeant, preferentially
block hemichannels. C6: glial cell line from a rat astrocytoma; HOBIT: transformed human osteoblast-like cells; 3T3: mouse fibroblast cell line; N2A: mouse
neuroblastoma cell line; MLO-Y4: osteocyte-like cell line; HeLa: human cervix epithelial adenocarcinoma cell line; HEK293: human embryo renal cortical cell
line; FFA: flufenamic acid; a-GA: 18a-glycyrrhetinic acid; B-GA: 18p3-glycyrrhetinic acid; NPPB: 5-nitro-2-(3-phenylpropylamino) benzoic acid; Caco-2/

TC7: human colorectal adenocarcinoma cell lines.
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Table 2

Summary of experimental techniques used to identify hemichannels in different cell types

Connexins Immunolabeling Biotinylation — Tetracysteine Freeze-fracture Released molecule Uptake assay Macroscopic  Single
hemichannels tag (cell) (cell) current channel
recording recording
Cx26 Horizontal cells Ascorbic acid Oocytes” [25]
[74,75] (liposomes) [26]
ATP (HeLa) [73] Ly (HeLa) [73]
Cx30 ATP (HeLa) [54] HelLa [54] HelLa [76]
Cx32 Oocytes” [53] ATP (C6) [90] Sucrose, LY Oocytes” [49]  Planar lipid
(liposomes) [93] bilayer [93]
Cx35 Oocytes® Oocytes® [36]
[16,64]
Cx38 Spermidine Oocytes”
(oocytes™) [91] [18,91,95]
Cx43 Cardiomyocytes MLO-Y4 [71] HeLa [89] NAD+ EtdBr, LY Myocytes HeLa [9]
[87] (fibroblasts) [70]  (astrocytes) [9,22] [20,21]
Astrocytes [88] NRK [12] LY (Novikoff) Carboxyfluorescein
[56,92] (Novikoff) [56]
ATP (astrocytes)  Coumarin based
[17] tracer (NRK) [55]
Glutamate Fura-2 (HeLa) [55]
(astrocytes) [40] Calcein, LY, PI
(myocytes) [20,21,72]
Mn?>", IP5, LY
(HOBIT) [68]
Sucrose, LY
(liposomes) [61,62]
Cx45 LY, PI (HeLa) [13] HeLa [13]
Oocytes”
[33, 98]
HeLa [76]
Cx46 LY, sugars, PEG Oocytes”
(oocytes™) [10,24] [24,78,96]
Cx48.5 Oocytes® [97]
Cx50 Oocytes * [34] Oocytes” [34]  Oocytes” [98]
HeLa [76]
Cx52.6 N2A [99]
Cx56 Oocytes” [96]  Oocytes” [77]
ND Carboxyfluorescein Horizontal
(horizontal cells) [15] cells [31]
Carboxyfluorescein Epithelial cells
(epithelial cells) [94]  [94]
Carboxyfluorescein
(proximal tubule)
[23]

EtdBr: ethidium bromide.
PI: propidium iodide.
LY: Lucifer yellow.
PEG: polyethylene glycol.
ND: not determined.

* Xenopus laevis.

of hemichannels in different cell types. However, they are
not the most likely mechanisms that control hemichannel
activity under physiological conditions (see below).

1.1. Might openings of Cx43 hemichannels be much more
frequent at the resting potential than so far observed?

Unitary events measured under resting conditions are
rarely recorded in HeLa Cx43 transfectants [9], which is
consistent with the prediction that many open hemichannels

would kill cells. However, dye uptake suggests that there are
openings, and brief openings might be missed in whole cell
patch recording. Given the uncertainty as to the actual rate
of dye permeation, there is no clear discrepancy between
dye uptake and the upper limit of channel opening inferred
from the electrical measurements [9]. Moreover, dialysis of
the cells against the pipette solution might reduce hemi-
channel activity.

Under conditions of resting membrane potential and
millimolar extracellular [Ca*"], the rate of ethidium bromide
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Table 3
Comparison of unitary conductance of hemichannels and the corresponding
cell—cell channels for different connexins

Type of Hemichannel Reference  Gap junction Reference
connexin conductance channel

(pS) conductance (pS)
Cx30 283 [76] 146 [79]
Cx32 17-18 [38,48] 50-53 [80]
Cx35 48 [36]
Cx36 ~10-15 [81,82]
Cx38 250-320 [36]
Cx43 223 [9] 110 [83]
Cx43EGFP 220 [9] 110 [83]
Cx45 62 [13] 32 [84]
Cx45.6 300 [77] 202 [85]
Cx46 250-300 [76,78] 140 [46]
Cx50 352 [76] 220 [86]
Cx56 300 [77]

uptake is very low but closely proportional to the total
amount of Cx43-EGFP expressed (#=0.8) [9]. The correla-
tion might be limited in part by variability in the relative
sizes of connexin pools in other cell domains, such as
endoplasmic reticulum, cytoplasmic transport vesicles going
to and from the surface membrane, and gap junctions, as
well as by local differences in the state of surface
hemichannels. Further studies of cells cultured at low
density to reduce the incidence of gap junctions might
reveal an 7 value closer to one. Also, the incidence of gap
junctions in confluent cultures might be reduced by treat-
ment with casein kinase I inhibitors, because the phosphor-
ylation of Cx43 by casein kinase I enhances the recruitment
of hemichannels to gap junctions [12]. Under control
conditions, the opening of most hemichannels studied is
infrequent, and the proportionality of the hemichannel open
probability to the rate of dye uptake and level of hemi-
channel expression is still not established. However, Cx45
hemichannels have a relatively large open probability at the
resting potential, and dye uptake (of Lucifer yellow) is
proportional to hemichannel conductance [13]. The quanti-
tation of the surface expression of hemichannels (e.g.,
Western blot analyses of biotinylated cell surface proteins)
and application of agents to alter their open probability
should extend these findings to other connexins. We find
that about 10% of the total Cx43 expressed by cortical
astrocytes can be biotinylated [14] and that the application
of agents to reduce the intracellular redox potential greatly
enhances hemichannel opening under normal conditions of
culture (see below).

Spontaneous or induced hemichannel opening has been
blocked with diverse agents (octanol, heptanol, halothane,
carbenoxolone, 18-a- and 18-p-glycyrrhetinic acid (a-, -
GA), oleamide, flufenamic acid (FFA), 5-nitro-2-(3-phe-
nyl-propylamino)benzoic acid (NPPB), La*" and Gd*")
(Table 1). Conversely, macroscopic currents ascribed to
hemichannels composed of several connexin types are
increased by quinine or quinidine [15-18], suggesting that

their open probability is increased. It is not clear whether
these agents increase open probability uniformly for all
hemichannels, increase the open probability of a subpo-
pulation of hemichannels that already have a small open
probability, or transfer hemichannels from an inactive
subpopulation into a subpopulation with a non-zero open
probability.

Cloroquines including quinine have long been used as
anti-malarial drugs. One can conclude that the degree of
hemichannel opening caused by therapeutic quinine con-
centrations is not very deleterious. Treating astrocytes with
quinine induces the opening of Cx43 hemichannels but
does not cause an obvious reduction in the number of
astrocytes in culture [17], indicating that normal cells can
tolerate some degree of enhanced hemichannel opening.
The transient opening of hemichannels in normal cells
may even be beneficial, for instance by enhancing
paracrine intercellular communication. During cell prolif-
eration most cells lose their gap junction channels [19];
although the effect on hemichannels has not been
determined and surface expression is almost certainly
reduced, paracrine intercellular communication mediated
by hemichannels might compensate for the loss of
junctional communication.

Hemichannel opening is induced in cells under con-
ditions that mimic ischemic episodes [20-22]. These
conditions are stressful, and enhanced hemichannel activity
can accelerate cell death [22,23].

Overall, the data demonstrate that there are mechanisms
to either increase or decrease hemichannel opening.

1.2. Do hemichannels formed of different connexin types
open under physiological conditions?

The first indication of hemichannel opening was
obtained from the expression of Cx46 in Xenopus oocytes,
which resulted in cell swelling and death unless the cells
were bathed in high Ca®" solution [24]; these observations
confirmed the idea that hemichannel opening is delete-
rious. However, oocytes expressing human Cx26 were
recently shown to exhibit large membrane conductances
with little voltage dependence, suggesting that these
hemichannels have a relatively high open probability in
basal conditions and that they are less sensitive to block by
extracellular [Ca®"] [25]. The level of presumptive hemi-
channel opening did not promote cell swelling and death,
suggesting that their permeability properties are more
compatible with cell life than those formed by some other
connexins. Since reconstituted Cx26 hemichannels in
liposomes are permeable to ascorbic acid [26], protocols
designed to study ascorbic acid transport across the plasma
membrane of cells expressing Cx26 should dissect the
contribution of ascorbic acid transporters and Cx26 hemi-
channels. The same argument can be extended to other
connexins and molecules to which their hemichannels are
permeable.
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2. Gating mechanisms of hemichannels

Stimuli that cause hemichannels to open or close include
change in transmembrane voltage and application of
chemical agents to either or both faces of the hemichannel.
The nature of some of these stimuli suggests that hemi-
channels can participate in signal transduction systems.

Like some other ion channels, Cx46 hemichannels
exhibit a degree of mechanical sensitivity [27]. Single
channel and whole cell electrophysiological studies show
that suction on the recording pipette or bathing in
hyposmotic solution, which causes swelling, opens the
hemichannels at negative potentials and closes them at
positive potentials. Hemichannels formed by other connex-
ins may share this property, although the expression of Cx43
and Cx38 does not induce mechanical sensitivity in oocytes
[27]. Mechanical stimulation of astrocytes is known to cause
brief conductance increases and to promote propidium
iodide uptake and ATP release [17,28]. Mechanical stimuli
trigger calcium waves in several cell types including
astrocytes which express Cx43 [17] and hepatocytes which
express Cx26 and/or Cx32 [29]. Calcium waves and ATP
release are potentiated by quinine [17], an activator of
several hemichannel types. The mechanosensitivity of
hemichannels may be important in tissues frequently
subjected to mechanical stress and may mediate responses
to tissue distortion. Whether a similar mechanism explains
the hyperosmolarity-induced opening of Cx43 hemichan-
nels [4] remains unknown. Hyperosmolarity would shrink
cells, presumably reducing tension overall, but might cause
local increases in tension.

The open probability of most hemichannels studied is
greatly reduced at negative membrane potentials or when
the extracellular [Ca®"] ([Ca®"],) is above 1 mM [18,30-37].
The Ca®" sensitive domain for Cx32 hemichannels appears
to be a ring of 12 Asp residues within the external vestibule
of the pore [38]. Since physiological [Ca®'], is between 1
and 2 mM, most hemichannels should have a low open
probability, as generally observed. However, opening of
Cx43 hemichannels has been demonstrated during cell
volume regulation in response to small changes in [Ca®'],
(between 1.6 and 1.8 mM) under isosmotic conditions [39].
Zero [Ca*'], causes dye uptake and ATP and glutamate
release from astrocytes in culture, evidently released
through hemichannels [17,40]. Glutamate release is meas-
urable at [Ca*'],=~0.2 mM, which can occur in the brain
during ischemia or seizures [41].

Hemichannels formed by various connexins are sensitive
to intracellular acidification [18,13,37,42,43]. The applica-
tion of low pH solutions to the intracellular face of Cx46
hemichannels rapidly closes them, and they remain closed
throughout the application and reopen at normal pH if the
application is not too long lasting [42]. The application of
acid solution to the extracellular face of an open hemi-
channel rapidly closes it, but it does not remain closed;
rather it opens and closes irregularly. An analysis of closed

times with acid applications to either side of the hemi-
channels indicates that the H' binding site is on the
cytoplasmic side of the pH gate. With acid application to
the intracellular side, the pH remains low and the gate
remains shut. With acid application to the extracellular side,
the pH on the intracellular side of the gate rapidly returns to
the cytoplasmic level after closure and the gate reopens.
(The opening rate is the same as when pH is rapidly restored
on the intracellular side after the application of low pH
solutions on that side.) The application of weak, membrane
permeable and strong, relatively membrane impermeable
acids to HeLa cells expressing Cx43-EGFP indicates that a
similar mechanism is operating [37]. Weak, membrane
permeant acids prevent hemichannel opening in response to
subsequent application of positive voltages. Strong acids
have little immediate effect on the latency of first opening in
response to positive voltages, but greatly shorten the
openings, suggesting that H" ions do not get to their
binding site until the channels open. Similarly, gap junction
channels formed by Cx43 with its C-terminal truncated are
less sensitive to intracellular acidification than normal Cx43
is (pK,=6.1 and 6.6, respectively [43].

The use of the substituted cysteine accessibility method
(SCAM) at the single channel level demonstrated that fixed
negative charges in the first extracellular loop domain (E1)
strongly influence charge selectivity, conductance, and
rectification of hemichannels formed of Cx46 [44]. More-
over, the V; sensor of Cx32 and other Group 1 connexins
includes a segment of the N-terminus [45,46]. The addition
of a single negatively charged amino acid residue at several
of the first 10 positions reverses the polarity of V; gating,
and channel closure may involve the movement of this
region [47]. Analysis utilizing the one-dimensional Pois-
son—Nernst-Plank model to determine the voltage profile of
simple model channels containing fixed charges suggests
how local variations in the electric field influence polarity
and sensitivity of Vj-gating [48].

Abnormal hemichannel gating may contribute to genetic
disease. Some mutations of Cx32 identified in X-linked
Charcot-Marie-Tooth disease (CMTX) and Cx46 and -50
identified in congenital cataract prevent the formation of
functional hemichannels as well as cell—cell channels, and it
is unclear how the two effects contribute to the pathogenesis
[49-51]. The loss of hemichannel opening can be associated
with failure to reach the surface membrane, which perforce
prevents the formation of cell-cell channels. Some disease
causing mutations prevent the formation of hemichannels
but not cell-cell channels, indicating a requirement for
hemichannel function [51]. In the lens, hemichannel open-
ing may facilitate the formation of cell—cell junctions as well
as regulate cell volume [52]. Other disease associated
mutations in Cx32 [38,53] and Cx30 [54] enhance hemi-
channel opening with little effect on cell-cell channels,
suggesting that, for these mutations and tissues, hemi-
channel opening is deleterious. Moreover, a CMTX
mutation (D178Y) in the external vestibule of the pore
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abolishes the Ca”" regulation of Cx32 hemichannels,
supporting that this excessive hemichannel opening can be
involved in the pathogenesis [38].

2.1. Do covalent modifications affect the gating mechanisms
of Cx43 hemichannels?

Although Cx26 and Cx36 are not phosphorylated
[58,63], several other connexins are phosphoproteins [58],
and changes in their phosphorylation state may be involved
in regulating their hemichannel open probability. In
mammalian cell lines, the opening of Cx43 hemichannels
induced by low extracellular [Ca®"] is blocked by the
activation of protein kinase C (PKC) [55,56]. Similarly, the
opening of Cx46 hemichannels expressed in Xenopus
oocytes is greatly reduced by the activation of PKC [57],
and the direct phosphorylation of these connexins may
control the open probability of their hemichannels. The
expression of Cx43 with Ser368, a site of PKC phosphor-

ylation [56], mutated to Ala produces hemichannels that
remain preferentially open and cause cell swelling [59].
Cx43 hemichannels are downregulated by MAP kinase, and
Cx43 is a substrate [60]; the permeability of Cx43 hemi-
channels reconstituted into liposomes is reduced by phos-
phorylation with MAP kinase, and the permeability of Cx43
hemichannels is increased by phosphatase treatment [61].
Similarly, when reconstituted into liposomes, Cx43(S368A),
which forms hemichannels insensitive to PKC, induces
permeability to small molecules including Lucifer yellow
and sucrose [62]. The dephosphorylation at MAP kinase
and/or PKC sites of phosphorylation may explain the
hemichannel opening induced by hyperosmolarity, which
induces the dephosphorylation of Cx43 [4] (Fig. 1).

Perch Cx35 has a consensus site for protein kinase A
(PKA) phosphorylation, and its hemichannels are closed by
the activation of PKA [64]. This PKA consensus site is
absent in skate Cx35, but a single residue mutation at the
homologous site to generate a PKA consensus site confers

Under normal, fairly reducing conditions, P, is low,
And many sites are phosphorylated

Under normal conditions
dephosphorylation
increases P,.

:f%
H i ®

After metabolic inhibition -SH is
oxidized to -S-S-, P, is increased,
independent of the
dephosphorylation that also
occurs. Reducing agents
decrease P,.

Under normal conditions
reducing agents (DTT or
GSH) increase P,.

vAs Modulator
> .
274 Protein

Fig. 1. Diagram of hemichannels depicting two putative covalent modifications, disulfide bond formation and phosphorylation, that the regulate open
probability ( P,) of Cx43 hemichannels. Under normal conditions, most cysteines are in their reduced form, most potential sites are phosphorylated, and
hemichannel P, is low. Dephosphorylation under normal conditions increases P, (left hemichannel). Metabolic inhibition generates reactive oxygen species,
e.g., nitric oxide, that oxidize cystines to cysteines and increase P,. Dephosphorylation induced by metabolic inhibition appears not to be necessary for this
opening (right hemichannel). Under normal conditions, reducing agents, DTT and GSH, increase P,,, perhaps by reducing disulfide bonds formed under basal
conditions (lowest hemichannel). Phosphorylation state may account for different effects of reducing agents in normal conditions and under metabolic
inhibition. Reducing agents may produce different covalent changes depending on condition. Modulator proteins may participate in these actions. P: phosphate

group on Cx43. —-S—S—: disulfide bond. ROS: reactive oxygen species.
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the cAMP sensitivity of the hemichannel opening. The
regulation of Cx35 hemichannels by PKA-dependent
phosphorylation is species specific owing to this single
amino acid difference.

Cx43 lacking the extracellular loop cysteines, known to be
essential for gap junction channel formation [65], appears to
form hemichannels as indicated by the uptake of carboxy-
fluorescein that is modulated by protein kinase C [66].

In astrocytes subjected to metabolic inhibition, the
opening of Cx43 hemichannels in the cell surface accel-
erates cell death, and the dephosphorylation and/or oxida-
tion of hemichannels were suggested as possible triggers of
opening [22]. In order to examine whether metabolic
inhibition affects the phosphorylation state of hemichannels
on the surface of cortical astrocytes, proteins were biotiny-
lated and Cx43 in hemichannels was quantified by Western
blot analyses. Under basal conditions ~10% of total Cx43
was found on the surface and was mostly phosphorylated.
After ~15 min of metabolic inhibition, the amount of surface
Cx43 was doubled and most of this protein was not
phosphorylated. Thereafter, levels of unphosphorylated
surface Cx43 increased progressively. Cyclosporin A, a
calcineurin inhibitor, significantly reduced the dephosphor-
ylation of Cx43 induced by metabolic inhibition, measured
in whole cell homogenates [7], but did not prevent an
increased uptake of ethidium bromide (EtdBr). Moreover,
trolox, a free radical scavenger, or dithiothreitol (DTT), a
sulthydril reducing reagent (applied 30 min before the end
of a 60 min period of metabolic inhibition), did not prevent
the metabolic inhibition-induced dephosphorylation of
Cx43 [14] but greatly reduced EtdBr uptake [7,14]. In
agreement with a role of reactive oxygen species (ROS),
astrocytes loaded with CM-H,DCFDA show elevated
generation of oxidants during metabolic inhibition. These
studies suggest that the increase in Cx43 hemichannel
opening observed in astrocytes during metabolic inhibition
is associated with an oxidation reaction as well as increased
insertion of Cx43 hemichannels into the cell surface and
does not result from dephosphorylation [14].

A quite different picture emerged when we studied the
effect of the reducing molecules, DTT and reduced
glutathione (GSH), on hemichannel opening in normoxic
conditions (M.A. Retamal, F.F. Bukauskas, M.V.L. Bennett,
J.C. Saez, unpublished observations). Single channel open-
ings and dye uptake in HeLa cells expressing Cx43-EGFP
were increased by bath applied DTT, which is membrane
permeant. No effect was observed in parental cells or in cells
expressing EGFP-Cx43 (EGFP bound to the N-terminal of
Cx43, which does not form functional hemichannels). The
DTT induced openings were blocked by the hemichannel
blocker, La*, or the gap junction and hemichannel blocker,
flufenamic acid. When GSH, which is membrane imperme-
ant, was applied in the bathing solution, there was no effect
on the rate of dye uptake or on the open probability of Cx43-
EGFP hemichannels. However, when GSH was present in
the pipette solution, the frequency of open hemichannels was

comparable to that observed at positive potentials in DTT
solutions. These data suggest that a reducing cytosolic redox
potential increases the open probability of Cx43 hemi-
channels under normoxic conditions.

To test whether intracellular cysteines might mediate the
redox effect on Cx43 hemichannels, we made HeLa cells
expressing Cx43 with the carboxy terminal truncated 12
residues after the fourth membrane spanning region at
amino acid 258 (Cx43-A258); this mutant lacks cytoplasmic
cysteines. In these cells DTT did not affect the rate of
ethidium bromide uptake, suggesting that the intracellular
cysteines are involved in the effects of changes in the
cytoplasmic redox potential. The effect of DTT on Cx43-
EGFP hemichannels was not associated with the changes in
the phosphorylation state or cellular distribution of Cx43-
EGFP, suggesting that opening of Cx43 hemichannels can
be activated by simultaneous or independent changes in the
redox and phosphorylation states of Cx43. This truncation
would also cause loss of sites mediating interaction with
binding partners, and actions on these proteins rather than
Cx43 itself could mediate the DTT effect; replacement of
individual cysteines should clarify this issue.

The above findings suggest that changes in redox state
increase or decrease the open probability of Cx43 hemi-
channels depending on the conditions. Possible covalent
modifications of sulthydryl groups include oxidation to form
disulfide bonds, nitrosylation, or glutathionation, all of
which are sensitive to reduction by DTT. Future studies
should identify the specific covalent modifications occurring
in each condition as well as their differential effects on Cx43
hemichannels, phosphorylated or dephosphorylated at spe-
cific sites. Site directed mutagenesis will greatly facilitate the
analysis of actions and interactions of the various covalent
modifications. There is likely to be a wide range of effects
given the divergence of connexin sequences in the cytoplas-
mic loop and C-terminal domain. Cysteine residues in the C-
terminal vary in number and location (and are lacking in
Cx45), and actions mediated by binding partners are also
likely to contribute to the response repertoire.

Future research on hemichannels will examine the
physiological relevance of opening and closing of hemi-
channels in vivo. Further analyses with biochemical and
molecular techniques should elucidate the gating mecha-
nisms of hemichannels and lead to strategies to control their
activity as both an analytic tool and a therapeutic strategy.
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