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Gap junctions are clusters of transmembrane channels allow-
ing a passive diffusion of ions and smallmolecules between adja-
cent cells. Connexin43, the main channel-forming protein
expressed in ventricular myocytes, can associate with zonula
occludens-1, a scaffolding protein linked to the actin cytoskele-
ton and to signal transductionmolecules. Thepossible influence
of Rho GTPases, major regulators of cellular junctions and of
the actin cytoskeleton, in the modulation of gap junctional
intercellular communication (GJIC) was examined. The activa-
tion of RhoA by cytoxic necrotizing factor 1markedly enhanced
GJIC, whereas its specific inhibition by the Clostridium botuli-
num C3 exoenzyme significantly reduced it. RhoA activity
affects GJIC without major cellular redistribution of junctional
plaques or changes in the Cx43 phosphorylation pattern. As
these GTPases frequently act via the cortical cytoskeleton, the
importance of F-actin in the modulation of GJIC was investi-
gated by means of agents interfering with actin polymerization.
Cytoskeleton stabilization by phalloidin slowed down the kinet-
ics of channel rundown in the absence of ATP, whereas its dis-
ruption by cytochalasin D rapidly and markedly reduced GJIC
despite ATP presence. Cytoskeleton stabilization by phalloidin
markedly reduced the consequences of RhoA activation or inac-
tivation. Thismechanism appears to be the first described capa-
ble to both up- or down-regulate GJIC through RhoA activation
or, conversely, inhibition. The inhibition of Rho downstream
kinase effectors had no effect on GJIC. The present results pro-
vide further insight into the gating and regulation of junctional
channels and identify a new downstream target for the small
G-protein RhoA.

In animal tissues, most cells are connected via intercellular
cytoplasmic channels clustered in plasma membrane spatial
microdomains termed gap junctions, which allow neighbor
cells to directly exchange ions and small molecules. Each chan-

nel results from the docking of two half-channels, or connex-
ons, formedby the oligomerization of six protein subunits (con-
nexins (Cxs))2 around an aqueous pore. Cxs are homologous
proteins encoded by a multigene family and are named accord-
ing to their predicted molecular weight. Cx43, widely distrib-
uted in different cell types, is the main gap junction protein
expressed in mammalian ventricular myocytes, although Cx40
and Cx45 have also been reported to be expressed (1).
In cardiac myocytes of newborn rat, the degree of cell-to-cell

communication is closely regulated by the metabolic state of
the preparation, which undergoes a complete interruption of
the gap junctional communication when the ATP concentra-
tion is lowered (2–4). This permeability decline of junctional
channels was interpreted as being due to the unbalanced activ-
ity of endogenous protein phosphatase(s) (3), particularly of
protein phosphatase 1 (PP1; Ref. 4). In preliminary experi-
ments, GTPwas found to preserve the intercellular cytoplasmic
continuity in the absence of ATP, suggesting either that it was
used as co-substrate by the unidentified protein kinase (PK),
which counterparts PP1 activity, or that it was acting via a
guanosine triphosphatase (GTPase). These enzymes aremolec-
ular switches that control a wide variety of signal transduction
pathways in all eukaryotic cells.
In mammals, the members of the Rho family of small

GTPases represent a group of 23 gene products; the best char-
acterized members are RhoA, Rac1, and Cdc42 (5). Rho
GTPases are in particular known as key regulators of the actin
cytoskeleton, but their ability to influence cell polarity, gene
transcription, cell cycle progression, membrane transport
pathways, andmany enzyme activities is probably just as signif-
icant (for a review, see Ref. 6). These molecular switches cycle
between an inactive (GDP-bound) state and an active (GTP-
bound) state. The exchange of hydrolyzedGDP for GTP results
in a conformational change, unmasking structural domains by
which they bind to the effectors. They recognize their target
protein in the Rho-GTP state and generate a response until
GTP is hydrolyzed. In ventricular myocytes of newborn rat,
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immunoblot analyses and immunostainings revealed that
RhoA was present predominantly in the cytosolic fraction,
whereas RhoB was undetectable (7).
The extreme carboxyl terminus of Cx43 was shown to inter-

act with the second PDZ domain of zonula occludens-1 (ZO-1;
Refs. 8 and 9). The latter is amember of a family ofmultidomain
membrane proteins called membrane-associated guanylate
kinase homologs (MAGUK proteins), that couple the extracel-
lular environment to intracellular signaling pathways and to
cytoskeleton. The basic core of MAGUK proteins consists of a
PDZ domain (PSD-95/Dlg/ZO-1), a SH3 (Src homology 3)
domain and aGUK (guanylate kinase) domain (10). ZO-1might
then stabilizeGJs through actin filament anchoring. In cultured
ventricular myocytes of newborn rat, the co-localization of
ZO-1 with individual Cx43 GJ plaques is limited to about 27%
overlap (11) with ZO-1 preferentially localized at the periphery
of the plaques (11, 12), and ZO-1 was proposed to control the
rate of channel accretion at GJ plaque perimeters (12). An
increase in the Cx43/ZO-1 interaction was observed during the
remodeling of gap junctions after enzymatic dissociation (13),
suggesting a dynamic role for ZO-1 in gap junction turnover.
Many aspects of connexin function, for example intracellular

cellular transport, junctional plaque assembly and stability, and
channel conductivity, are finely tuned and likely involve pro-
teins that bind to the cytoplasmic domains of connexins. How-
ever, little is known about such regulatory proteins. The present
study was designed to assess the possible contribution of Rho
GTPase in the regulation of GJIC between rat ventricular myo-
cytes. Cardiac-specific inhibition and activation of RhoA sig-
naling are indeed both known to result in alterations of cardiac
rhythm and conduction, processes where GJIC is of fundamen-
tal importance.

EXPERIMENTAL PROCEDURES

Cell Preparation—Experiments were performed with ven-
tricular cardiomyocytes obtained from neonatal (1–2-day old)
rats as described previously (14) and cultured for 2 or 3 days.
The spontaneous synchronizedmechanical activity was used as
evidence to avoid confusion with non-muscle cells.
Endogenous ADP-ribosylation in Cardiomyocytes—ADP-ri-

bosylation was performed as described previously (15, 16). Car-
diomyocytes were preincubated for 1–3 h at 37 °Cwith Ia-C3 (5
�g/ml) in the presence of Ib (molar ratio, 1:1). The cells were
washed twice with phosphate-buffered saline and lysed with
ADP-ribosylation buffer (20mMHEPES, pH 8, 2.5mMMgCl2, 1
mM dithiothreitol, 1 mM ATP, 15 mM thymidine, 15 mM Isoni-
cotinic acid) containing 1�g/ml leupeptin, 1�g/ml pepstatin, 1
mM phenylmethylsulfonyl fluoride (Roche Applied Science),
and 0.5% (v/v) Triton X-100. Cell debris were removed by cen-
trifugation, and the supernatant (50 �g of total protein) was
ADP-ribosylated in vitro in a final volume of 20 �l of ADP-ri-
bosylation buffer containing 3.5 �M [32P]NAD (1000 Ci/mmol)
and 10�7 M C3 for 1 h. The reaction was stopped by addition of
0.06 MTris-HCl, pH 7.0, 15% (v/v) glycerol, 5%�-mercaptoeth-
anol, 2.3% SDS, and 0.001% bromphenol blue. The proteins
were separated using 12% PAGE-SDS, the gel was dried and
submitted to autoradiography, and the radiolabeled C3 sub-
strate was visualized as a 24-kDa protein.

Evaluation of the Strength of Cell-to-cell Communication—
Gap junctional conductance was obtained from cell pairs using
a double whole cell voltage clamp configuration as described
previously (14). The junctional permeability for the diffusion of
a fluorescent dye (6-carboxyfluorescein) was estimated by ana-
lyzing the fluorescence recovery after photobleaching (FRAP;
Ref. 17) as described previously (18) by means of a spectral
confocal microscope station, FV 1000, installed on an inverted
microscope, IX-81 (Olympus, Tokyo, Japan). Briefly after pho-
tobleaching of the fluorescence of the selected cell, the fluores-
cence redistribution from the unbleached cells to the bleached
cells is monitored as a function of time. The initial recovery of
fluorescence in the bleached cells follows a monoexponential
time course, and the relative permeability constant (k) of the
exponential fluorescence recovery (the inverse value of the time
constant) is determined using Equation 1,

�Fi � Ft�/�Fi � Fo� � e�kt (Eq. 1)

where Fi, Fo, and Ft are the integrated fluorescence intensi-
ties in the bleached cells before photobleaching, immedi-
ately after photobleaching, and at time t after photobleach-
ing, respectively.
Antibodies—The monoclonal mouse anti-Cx43 purchased

from BD Transduction Laboratories (Interchim, Montluçon,
France) was used in Western blot experiments, immunopre-
cipitation, or for the immunostaining. The mouse monoclonal
anti-ZO-1 antibody purchased from Zymed Laboratories Inc.
(Clinisciences, Montrouge, France) was used in Western blot
experiments and for the immunostaining in combination with
the anti-Cx43 antibody produced in rabbit (Sigma). Themouse
monoclonal anti-N-cadherin purchased from BD Transduc-
tion Laboratories was used for the immunostaining in combi-
nation with the anti-Cx43 antibody produced in rabbit and the
phalloidin-TRITC (both from Sigma). The secondary antibod-
ies Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 555 goat
anti-mouse IgG, Alexa Fluor 488 goat anti-mouse, and Alexa
Fluor 635 goat anti-rabbit were purchased from Molecular
Probes (Invitrogen). The goat anti-mouse antibody alkaline
phosphatase conjugate was purchased from Promega, and the
polyclonal goat anti-mouse immunoglobulins/horseradish per-
oxidase was from Dako (DakoCytomation, Trappes, France).
Immunofluorescence—Aliquots of freshly isolated ventricu-

lar myocytes were cultured on glass plates. Cells were washed
with phosphate-buffered saline to discard cell debris and fixed
in paraformaldehyde (0.5% (v/v); 10 min). After fixation, cells
were rinsed and incubated for 1 h with a blocking and perme-
abilizing solution (4% bovine serum albumin (w/v) and 0.5%
Triton X-100 (v/v) in phosphate-buffered saline). Cells were
then incubated directly with the needed antibody overnight at
4 °C in the same solution. After extensive washing, cells were
incubated with the corresponding secondary antibody and
TOPRO 3 (diluted 1:1000) to label cell nuclei or phalloidin-
TRITC (diluted 1:100) to label actin in blocking solution for 45
min at room temperature (22–24 °C). Following the final rinse,
the cells were mounted with a glass slide with fluorescence
mounting medium (Vectashield, Vector Laboratories) and
examined using the confocal microscope station. The images
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show either separated red or green fluorescence or their com-
bination (yellow).
Image Analysis—Cx43 individual plaque areas were evalu-

ated by means of Image J software (National Institutes of
Health). Briefly each image with Cx43 labeling was converted
into a binary (i.e. black and white) image. The background for
all photographs was similarly normalized (Image J automatic
thresholding algorithms), and plaque areas were evaluated by
means of Image J particle analysis algorithms (19).
Co-immunoprecipitation and Western Immunoblotting—Car-

diomyocyteswere preincubated for 3–6 h at 37 °Cwith Ia-C3 (5
�g/ml) in the presence of Ib (8�g/ml) orwithCNF (200 ng/ml).
The cells were washed twice with phosphate-buffered saline
andwere harvested and homogenized in a buffer containing 1%
Triton X-100, 100mMNaCl, 1 mM EGTA, 50mMTris-HCl, pH
7.4, 1 mM Na3VO4, 50 mM NaF, 1 mM phenylmethylsulfonyl
fluoride (Roche Applied Science), and protease inhibitor mix-
ture (1:100 dilution; Sigma). Samples were homogenized, soni-
cated, and centrifuged at 14,000 � g for 15 min at 4 °C. Total
homogenate protein was determined using the Bio-Rad DC
assay kit. For immunoprecipitation, the cell lysate was pre-
cleared and incubated overnight at 4 °C with a monoclonal
mouse anti-Cx43 from BD Transduction Laboratories. 40 �l of
protein G-Sepharose (Amersham Biosciences) were then
added for 1 h under agitation at 4 °C. After immunoprecipita-
tion, bead-bound complexes were washed six times, collected,
and resuspended in 20�l of Laemmli buffer (20). Sodiumdode-
cylsulfate-polyacrylamide gel (10%) electrophoresis for Cx43,
gradient gel (4–12%) electrophoresis for ZO-1, and Western
blotting on nitrocellulose membranes were performed. ZO-1
andCx43detectionwas carried outwith themousemonoclonal
anti-ZO-1 antibody (Zymed Laboratories Inc.) or the mouse
monoclonal anti-Cx43 antibody (BD Transduction Laborato-
ries). To confirm reproducibility, all experimentswere repeated
at least five times.
Reagents—Conductance (Gj) measurements were made at

room temperature (22–24 °C) after replacing the culture
medium with Tyrode’s solution containing 144 mM NaCl, 5.4
mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 0.3 mM NaH2PO4, 5 mM

HEPES, and 5.6 mM glucose (buffered to pH 7.4 with NaOH).
Low resistance (1.5–2.5-megaohm) patch pipettes were back-
filled with a filtered solution containing 140 mM KCl, 0–5 mM

MgATP, 5 mM EGTA, 10–14 mM glucose, 0.1 mMGTP, and 10
mM HEPES (buffered to pH 7.2 with KOH).
C3 and Ia-C3 were obtained as described previously (16).

CNF-1 was a generous gift of Prof. Patrice Boquet (INSERM
U452, Faculté de Médecine, Nice, France). Y-27632 ((R)-(�)-
trans-N-(4-pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxam-
ide, 2HCl), the most widely used inhibitor of Rho-associated
coiled coil-containing kinase (ROCK), can also inhibit two
other Rho effector kinases (see 21), citron kinase (CRIK) and
protein kinase novel (PKN) in vitro although with Ki values 20
times higher (22), was purchased from Calbiochem. All other
chemicals, unless otherwise stated, were obtained from Sigma,
including phalloidin, cytochalasin D, and the adenosine ana-
logue 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole.

Statistical Data—The relative permeability constants, junc-
tional conductances, and junctional plaque sizes are expressed
as means � S.E.

RESULTS

GTP Maintains Cell-to-cell Communication between Rat
Ventricular Myocytes—The Gj measured in whole cell condi-
tions between neonatal rat cardiomyocytes was well main-
tained when experiments were carried out with ATP present in
the patch pipette solution at a concentration�2mM (Ref. 4; see
also Fig. 6b), whereas it rapidly decreased (channel “rundown”)
to complete closure of the channels within 12–20 min when
ATP was absent. This loss of channel activity observed in car-
diac myocytes when the activity of PKs is impeded (e.g. in ATP-
deprived conditions) was interpreted as being due to the unbal-
anced activity of endogenous protein phosphatase(s) (3)
ascribed to the activity of PP1 (4). When ATP was replaced by
GTP (5 mM) in the pipette filling solution, Gj also remained
relatively stable with time, whereas it rapidly declined when
ATP was absent (Fig. 1) or replaced by another nucleotide, e.g.
its poorly hydrolyzable analog AMP-PNP (3).
The first hypothesis to explain this ability of GTP to preserve

GJIC would be that GTP can serve as co-substrate to the up to
now unidentified PK that would counterbalance PP1 activity.
Casein kinase-II phosphorylates different substrates in the
presence of either ATP or GTP (23); this enzyme was detected
in highly purified plasmamembrane preparations from rat (e.g.
liver (24)) andwas found to be able to phosphorylate a connexin
(Cx45.6, an avian counterpart of rodent Cx50) in vitro (25).
However, this hypothesis had to be discarded because casein
kinase-II inhibition by the adenosine analogue 5,6-dichloro-1-
�-D-ribofuranosylbenzimidazole (26) had no effect on the cell-
to-cell diffusion of a fluorescent dye quantified by means of the
FRAP technique. The mean rate constants of dye diffusion, k,
measured in the same cell pairs before and after 5,6-dichloro-
1-�-D-ribofuranosylbenzimidazole exposure were 0.272 �

FIGURE 1. In whole cell conditions, GTP allowed preservation of cell-to-
cell communication between cardiac myocytes. Both cells were clamped
at �70 mV, and one cell was stepped to �80 mV every 30 s, whereas the
second cell was maintained at the holding potential. Because of the tran-
sjunctional voltage difference, a current crossed the cell-to-cell junction that
was compensated by an opposite current supplied by the feedback amplifier
connected to the cell maintained at �70 mV. In the absence of ATP (F; n � 9),
a progressive Gj fading was observed, whereas Gj remained relatively stable
when GTP (5 mM) was present (f; n � 9); error bars, S.E.M.
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0.011 and 0.270� 0.014min�1 (n� 11), respectively. The abil-
ity of GTP to prevent other channel rundowns in whole cell
patch clamp conditions frequently suggests a contribution of
small GTPase proteins in maintaining basal channel activities
so the possible involvement of RhoA in the control of the
strength of intercellular coupling in cardiac myocytes was
examined.
Involvement of the Small GTPase Rho in the Modulation of

GJIC between Cardiac Myocytes—The main junctional protein
present in cardiac myocytes, Cx43, can associate with different
proteins (for a review, see Ref. 27), including ZO-1 (8, 9), which
functions as a scaffolding protein linking the transmembrane
junctional proteins to the actin cytoskeleton (and signal trans-
ductionmolecules).Moreover the�-actin-binding protein dre-
brin can interact with the COOH-terminal domain of Cx43
(28), adding a second possibility for actin filament/Cx43
interactions.
The Rho family of small GTPases is known as a major regu-

lator of cellular junctions and of actin cytoskeleton (29). More-
over RhoA is involved in the maintenance of cardiac myocyte
morphology (30). C3 is an ADP-ribosyltransferase from Clos-
tridium botulinum that irreversibly inactivates RhoA by cova-
lent modification. This exoenzyme ADP-ribosylates mostly
RhoA (and to a lesser extent RhoB and RhoC), causing inhibi-
tion of RhoA-induced functions, such as the formation of stress
fibers, focal adhesion, or the regulation of cellmotility. C3 is not
taken up into all cells because it lacks cell-binding and translo-
cation domains. Clostridium perfringens iota toxin consists of
two unlinked proteins: Ia, the enzymatic component that ADP-
ribosylates G-actin, and Ib, the binding component that is
required for internalization into cells. A chimeric toxin, Ia-C3
(presenting only a C3 enzyme activity), was constructed to per-
mit a ubiquitous entry of C3 into cells using Ib (16).
The effects of these toxins on the cell-to-cell diffusion of a

fluorescent dye was investigated in ventricular myocytes by
means of the FRAP technique as illustrated in Fig. 2. After the
cells were loaded with 6-carboxyfluorescein, the computer-
generated images of the fluorescent dye distribution were

FIGURE 2. The basal degree of cell-to-cell communication between car-
diac myocytes closely depends on RhoA GTPase activity. a– c, the gray
density images of fluorescence intensities were obtained by scanning a

group of cells in a field with low intensity pulses of laser light. After a pre-
bleach scan (a), 6-carboxyfluorescein was photobleached in a selected area
(cell 1) by means of strong illumination, and the light emission was recorded
just after the bleaching (b) and 6 min later (c) in the bleached cell (1), in the
neighbor cell (2), and in an isolated cell (3). The evolution of the fluorescence
levels in the selected cells was compared in the same set of cells in control
conditions and then after drug exposure. d, typical example of the time
course of the fluorescent emission in bleached cells in control conditions,
represented in percentage of the prebleach emission versus the time after
photobleaching. e, incubation with the exoenzyme C3 for 3 h (middle column)
or 4 h (right column) compared with control (left column) markedly reduced
the relative permeability constants (k) of the fluorescence recovery. n � 36,
36, and 33 for first, second, and third columns, respectively. f, the active chi-
meric transport system Ia-C3 (5 �g/ml) � Ib (8 �g/ml) also reduced (third and
fourth columns) the cell-to-cell dye diffusion, whereas the inactive form (Ib)
had no effect (second versus first column). For the first to fourth columns, n �
22, 22, 19, and 22, respectively. g, cardiac myocytes were preincubated (PI)
without (A) or with (B and C) C3 (25 �g/ml) for 1 (B) or 3 h (C). The cells were
washed and homogenized, and the homogenate was submitted (I) to ADP-
ribosylation at 37 °C for 1 h in a medium containing 2.5 mM MgCl2, 1 mM ATP,
2 �M [32P]NAD (1000 Ci/mmol), and 25 �g/ml C3. The proteins were separated
using 12% PAGE-SDS, the gel was autoradiographed, and the radiolabeled C3
substrate was visualized as a 24-kDa protein. The experiment shown is represent-
ative of two separate experiments. CTRL, control; **, p 	 0.001, error bars: S.E.
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obtained before (Fig. 2a) and then respectively just after photo-
bleaching (Fig. 2b) and 6min later (Fig. 2c) in Tyrode’s solution
before or after exposure of the cells to active agents. The
unequal fluorescence levels inside one cell and between differ-
ent cells reflect variations in cell thickness. In the first approx-
imation, in interconnected cells, the redistribution of 6-car-
boxyfluorescein after photobleaching takes place in a system of
two compartments, namely the photobleached cell and the set
of unbleached adjacent cells, separated by gap junctional mem-
branes acting as a diffusion barrier. The graphs showing typical
examples of the evolution with time of the integrated fluores-
cence intensities after photobleaching are illustrated Fig. 2d.
Immediately after the photobleaching of the selected cell, its
light emission was reduced to about 40% of its initial level, and
then a rise in fluorescence emission took place with a monoex-
ponential time course with a concomitant decrease in the adja-
cent cell. The rate constant k provides an estimation of the
relative permeability of the gap junction of the tested cell pair.
In control experiments, no significant change in k was noticed
when up to four consecutive photobleachings were performed
on the same cells (31).
C3 significantly reduced k when compared in cardiac myo-

cytes before and after incubation with C3 (25 �g/ml) for 3 h in
culture medium. k was indeed lowered from 0.35 � 0.046
min�1 in control conditions to 0.053� 0.046min�1 after incu-
bation with C3 (25 �g/ml) for 3 h (n � 36; Fig. 2e). The kinetics
of cell-to-cell dye diffusion continued to decrease with longer
exposures with k lowered to 0.038� 0.036min�1 (n� 33) after
4 h. The active chimeric transport system for C3 (Ia-C3, 5
�g/ml; Ib, 8�g/ml), used as control, similarly reduced the junc-
tional coupling (k was reduced from 0.27 � 0.03 (n � 22) to
0.076� 0.054 (n� 19) and 0.019� 0.025min�1 (n� 22)) after
1 and 3 h, respectively, whereas Ib had no effect (k � 0.29 �
0.036 min�1; n � 22; Fig. 2f).
To ensure that RhoA was ADP-ribosylated in cellula by C3,

ventricularmyocytes were pretreatedwithC3 for 1 or 3 h. Then
cells were harvested, and the homogenates were reincubated
with [32P]NAD and C3 at 37 °C for 1 h. Autoradiography of
SDS-PAGE-migrated homogenates revealed that RhoA in
untreated samples presented a classical ADP-ribosylation,
whereas in C3-pretreated samples (for both 1 and 3 h), no fur-
ther ADP-ribosylation occurred, showing that RhoA was
already ADP-ribosylated during the preincubation (Fig. 2g).
Further evidence for a role for Rho in regulation of cardiac

GJICwas obtained using CNF-1, an exotoxin of Escherichia coli
that constitutively activates the small GTPases, including Rho
(as well as Rac and Cdc42) by the deamidation of Glu-63 of p21
Rho. Cells exposed to CNF (200 ng/ml) exhibited a significant
increase of the kinetics of cell-to-cell dye transfer (Fig. 3); kwas
increased from 0.31 � 0.015 (n � 41) in control conditions to
0.44 � 0.033 (n � 10), 0.46 � 0.026 (n � 17), and 0.47 � 0.020
min�1 (n � 18) after 1, 3, and 6 h, respectively (p 	 0.01 by
Student’s paired t test).
RhoA Activity Affects GJIC without Major Cellular Redistri-

bution of Junctional Plaques or Changes in the Cx43 Phospho-
rylation Pattern—The immunocytochemical localization of
Cx43 proteins examined by confocal microscopy on cardiom-
yocytes in control conditions showed, as reported previously

(see for example Ref. 32), a prevalence of the phosphorylated
form of Cx43 characterized by a punctate immunopositive
reaction for total Cx43 predominantly observed at the plasma
membrane, typical of Cx43 junctional aggregates, whereas the
light labeling of the unphosphorylated Cx43 was observed at
the cell-cell interface but also at the perinuclear border (data
not illustrated). Cx43 labeling appeared to be moderately
reduced after C3 exposure and increased after treatment with
CNF (see Figs. 7 and 10). After C3 exposure, the mean size of
individual Cx43 plaques observed in optical sections was signif-
icantly reduced (Fig. 4) but, however, to a lesser extent than
the intercellular coupling (the respective reductions were
�20.67 � 5 versus �91.42 � 9.52%). When cells were exposed
to CNF, the mean size of the junctional plaques was substan-
tially increased (�32.48� 8.44%) although less than the level of
cell-to-cell coupling in these conditions (�48.58 � 8.52%).
Immunoblot analysis performed on rat ventricular myocytes in
control conditions or treatedwith C3 or CNF for 3 h or even 6 h
did not reveal noticeable difference in the ratios between the

FIGURE 3. The strength of intercellular coupling between cardiac myo-
cytes was enhanced when RhoA GTPase activity was stimulated. Incuba-
tion of cells with the exotoxin CNF-1 (200 ng/ml) for 1, 3, or 6 h significantly
enhanced the kinetics of intercellular dye diffusion. For first to fourth columns,
n � 41, 10, 17, and 18, respectively. CTRL, control, **, p 	 0.001, error bars, S.E.

FIGURE 4. The size of Cx43 junctional plaques was influenced by RhoA
activity. The mean size of Cx43 plaques observed in optical sections was
significantly reduced (0.49 � 0.025 �m2, n � 14; middle column) in C3-treated
cells and increased (0.83 � 0.038 �m2, n � 13; right column) in CNF-exposed
cells compared with control cardiomyocytes (0.62 � 0.022 �m2, n � 41; left
column). CTRL, control, **, p 	 0.001, error bars, S.E.
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electrophoretic bands of the protein (Fig. 5), suggesting that the
serine phosphorylation of Cx43 was not altered by C3 or CNF
exposure by either inhibition or activation of RhoA activity.
The Integrity of the Actin Microfilament Network Is Essential

to Preserve Cell-to-cell Communication between Cardiac
Myocytes—Members of the Rho family of small GTPases fre-
quently act asmolecular switches regulating the organization of
the cortical cytoskeleton, and actin cytoskeleton rearrange-
ments are the basis of many fundamental processes of cell biol-
ogy. So the possible involvement of the actin cytoskeleton in the
modulation of the gap junctional permeability was investigated
using two actin-binding proteins known to alter actin polymer-
ization, phalloidin and cytochalasin D.
Phalloidin, an alkaloid compound produced by the mush-

room Amanita phalloides, binds to actin filaments, preventing
their depolymerization by shifting the equilibrium frommono-
mers toward filaments (for a review, see for example Ref. 33).

Cytochalasin D is an alkaloid drug produced by the mold Hel-
minthosporium sp. that prevents actin polymerization, caps the
barbed end of actin filaments, and binds to monomeric actin in
vitro. All these effects lead to a fall in the rigidity of actin gels
and to a decrease in the actin filament length.
Pairs of cardiomyocytes were preincubated with phalloidin

(10 �M for 4 h), and then Gj was measured in whole cell condi-
tions. When the experiments were carried out with a patch
pipette solution devoid of ATP, Gj gradually declined until
there was complete interruption of the cell-to-cell communica-
tion within about 12 min with a time course very similar to the
one recorded in the absence of phalloidin (Fig. 6a). In contrast,
when the phalloidin concentration in the preincubation bath
was increased to 20 �M, the kinetics of channel rundown was
slowed down, and this effect was still more pronounced when
the alkaloid concentration was increased to 30 �M. Stabilizing
the cytoskeleton by exposure to phalloidin delayed the inter-
ruption of cell-to-cell communication observed in ATP-de-
prived conditions.
In an attempt to distinguish whether, besides an altered cell

surface expression of junctional channels, the disruption of the
cytoskeletal actin network might affect the level of cell-to-cell
coupling, the acute effects of cytochalasin D added (10 �M) to
the patch pipette solution were examined. Cytochalasin D very
rapidly and markedly reduced the strength of cell-to-cell cou-
pling despite the presence of ATP (5 mM; Fig. 6b). Hence the
level of junctional intercellular communication appears to
depend on the actin filament dynamics.
Anti-actin staining of cultured cardiomyocytes in control

conditions revealed (Fig. 7, lower row) that actin was predomi-
nantly organized into striated fibers (myofibrils), whereas a
minor part was observed as non-striated actin fibers previously
suggested to represent premature forms ofmyofibrils (premyo-
fibrils; Ref. 34). After exposure to C3 (25 �g/ml for 3 h), no
obvious change was observed in the actin labeling (Fig. 7) as
reported previously. Into the same cell type, microinjection or
transfection of C3 transferase did not disrupt actinmuscle fiber
morphology (35), and prolonged exposure (48 h) to a high con-
centration (up to 200 �g/ml) of exoenzyme C3 from C. botuli-
num or recombinant C3 only partially affected the pattern of

actin staining (7).
C3 and CNF Do Not Influence

GJIC through Modifications of
Adhesive Interactions between Car-
diac Myocytes—The formation and
preservation of gap junctions
between cardiac myocytes depend
on the proper cytoarchitecture of
the cardiomyocytes. The cell adhe-
sion molecule N-cadherin mediates
strong homophilic cell-cell adhe-
sion via linkage to the actin
cytoskeleton; N-cadherin appears
before Cx43 at newly established
cell-cell contact sites between the
myocytes (36). Because in some cell
types Rho signaling plays important
roles in the formation and/or main-

FIGURE 5. Activation or inhibition of RhoA affects GJIC without concomi-
tant change in the ratios of the Cx43 phosphoisoforms. Top, rat cardiom-
yocytes in control conditions or after exposure to C3 for 3 or 6 h. 20 �g of each
sample were loaded on a polyacrylamide gel and subjected to SDS-PAGE, and
the protein was transferred onto nitrocellulose membrane. Bottom, rat car-
diomyocytes in control conditions or after exposure to CNF for 3 or 6 h. 20 �g
of each sample were loaded on a polyacrylamide gel and subjected to SDS-
PAGE, and the protein was transferred onto nitrocellulose membrane. The
presence of Cx43 was revealed by means of an anti-Cx43 antibody; the arrows
on the left indicate the position of the nonphosphorylated form (P0) and
phosphorylated forms (P1 and P2). Shown are representative blots of five
separate experiments in each case.

FIGURE 6. The degree of cell-to-cell communication between cardiac myocytes depends on the integrity
of the actin microfilament network. Left, preincubation of the cells for 4 h with phalloidin (Phal.) at concen-
trations � 20 �M, delayed the channel rundown in ATP-deprived conditions. Right, the presence of cytochala-
sin D (cytochal.; 10 �M) in the pipette filling solution markedly reduced the junctional coupling despite the
presence of ATP (5 mM). In each case, n is indicated in parentheses, error bars, S.E.
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tenance of cadherin-dependent
adhesion, the possible involvement
of N-cadherin in the effects on GJIC
of RhoA activation or inhibitionwas
examined. As illustrated in Fig. 7
(upper row), neither inhibition of
RhoA by C3 nor its activation by
CNFnoticeably affected immunolo-
calization of N-cadherin in ventric-
ular myocytes.
Rho Does Not Affect GJIC via Rho

Downstream Kinase Effectors
(ROCK, CRIK, and PKN)—Many of
the Rho effects on the actin
cytoskeleton are considered to
result from the activation of its
downstream protein kinase effec-
tors, particularly ROCK. To assess
their potential contribution in
RhoA-mediated effects onGJIC, the
dye coupling kinetics were com-
pared before and after the cardiom-
yocytes were infused for 1 h with a
culture medium containing the
ROCK inhibitor Y-27632 (37). If Ki
values of Y-27632 are about 20
times higher for CRIK and PKN
than for ROCK (see Ref. 22), then
Y-27632 used in the present experi-
mental conditions at 10 �M concen-
tration is expected to also signifi-
cantly inhibit their activity without
altering the activities of other pro-
tein kinases (e.g. PKA or PKC; Ref.
38). The lack of effect of Y-27632 on
the cell-to-cell dye diffusion in basal

conditions (k � 0.28 � 0.025 min�1 (n � 17) after 1 h versus
0.30� 0.011min�1 (n� 46) in control conditions) or even after
prolonged exposures (3 h; n� 27; data not illustrated) as well as
its inability to prevent the increase in the strength of cell-to-cell
communication caused by CNF (k � 0.44 � 0.044 min�1 (n �
11) in cells preincubated with Y-27632 compared with 0.47 �
0.025 min�1 (n � 18) in its absence), see Fig. 8, shows that the
tonic effects of Rho on the permeability of junctional channels
are not mediated through the activity of the most common
downstream kinase effectors (particularly ROCK, CRIK, or
PKN) without, however, excluding potentially Y-27632-insen-
sitive PKs (e.g. a threonine kinase) or lipid kinases (e.g. phospha-
tidylinositol-4-phosphate 5-kinase).
RhoA Influences the Strength of Cell-to-cell Communication

via the Actin Cytoskeleton—To show evidence of the involve-
ment of the cortical actin cytoskeleton in themodulating effects
of RhoA activity on the degree of cell-to-cell coupling, the
effects of C3 and of CNF were investigated in cells whose actin
cytoskeleton had been stabilized by a prolonged exposure to
phalloidin. This treatment significantly increased k from0.31�
0.011 min�1 (n � 41) in control conditions to 0.46 � 0.015
min�1 (n � 14; see Fig. 9) after a 4-h exposure to phalloidin.

FIGURE 7. N-Cadherin immunolocalization was not noticeably modified after RhoA inhibition or activa-
tion. Representative sets of confocal optical sections showing N-cadherin (Cadh) (green, top row), Cx43 (blue,
second row), merged (third row) distributions before (left column) and after exposure of the cells to C3 (middle
column) or CNF (right column); in addition, actin (red) was also labeled (bottom row). Similar results were
obtained from 3 separate experiments. CTRL, control.

FIGURE 8. The Rho-kinase inhibitor Y-27632 neither alters the basal
degree of junctional coupling between cardiac myocytes nor prevents
its enhancement by CNF. Exposure of the cells for 1 h to Y-27632 (10 �M) had
no noticeable effect on relative permeability constants (k) (second versus first
column); preincubation of the cells for 1 h with 10 �M Y-27632 did not prevent
the k enhancement observed after exposure of the cells to CNF for 3 h (fourth
versus third column). For first to fourth columns, n � 46, 17, 17, and 11, respec-
tively. CTRL, control, error bars, S.E.
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When the cells were subsequently exposed tomodulators of the
activity of Rho GTPase, Ia-C3 or CNF, these agents had only
very modest effects on the strength of communication (Fig. 9).
Ia-C3 exposure indeed reduced the relative permeability con-
stant k to 0.24 � 0.031 min�1 (n � 15) compared with 0.017 �
0.029 min�1 (n � 13) measured in cells not pretreated with
phalloidin, whereas CNF slightly increased k from 0.45� 0.031
(n � 10) to 0.48 � 0.023 min�1 (n � 14).

The fact that the stabilization of the actin cytoskeleton with
phalloidin markedly impaired the very important reduction of
dye coupling caused by Ia-C3 and that RhoA activation by CNF
had no significant additive effects suggests that RhoA influ-
ences GJIC via the actin cytoskeleton. Rho GTPases are molec-
ular switches that control a wide variety of signal transduction
pathways in all eukaryotic cells. They are known principally for
their pivotal role in regulating the actin cytoskeleton. However,
up to now, neither actin nor RhoA seemed to directly interact
with Cx43 (see Ref. 27), and no sign of Cx43/RhoA co-localiza-

tion was observed in ventricular myocytes whatever the condi-
tions (in control conditions or after C3 or CNF treatment; data
not illustrated). ZO-1, which plays a critical role in the life cycle
of gap junctions, is known to cross-link membrane macromo-
lecular complexes to the actin cytoskeleton (39).
RhoA Activity Influences the Cx43/ZO-1 Interaction—Alter-

ations in the Cx43/ZO-1 interactions were observed for exam-
ple after disruption of intercellular contact between myocytes
by partial or complete enzymatic dissociation ofmyocytes from
intact ventricle (13). To examine the possibility of intracellular
redistribution of ZO-1 and Cx43 in cells exposed to C3 or CNF,
the molecular association of Cx43 and ZO-1 was first investi-
gated by indirect co-immunolocalization experiments. Cx43
and ZO-1 were present at the plasma membrane in cells cul-
tured in the absence (Fig. 10a, left column) or in the presence of
C3 (Fig. 10a, middle column) or CNF (Fig. 10a, right column)
for 3 h.
The most prominent co-localization of Cx43 and ZO-1 was,

as recently reported (11, 12, 40), observed at the junctional
plaque perimeter (Fig 10a, bottom row). Both Cx43 (top row)
and ZO-1 (second row) labelings at the cell periphery appeared
modestly reduced after C3 exposure and increased after treat-
ment with CNF (Fig. 10a; see also Figs. 4 and 7). The mean size
of individual Cx43 plaques observed in optical sections was sig-
nificantly reduced after C3 exposure and increased after CNF
treatment (see Fig. 4) but in both cases to a much lesser extent
than the intercellular coupling.
The observation that Cx43/ZO-1 co-localization was

increased afterC3 exposure and decreased afterCNF treatment
(Fig. 10a) was corroborated by co-immunoprecipitation assays
(Fig. 10b) where Cx43 was immunoprecipitated from cell
lysates and ZO-1-containing complexes were analyzed by
Western blotting with anti-ZO-1 antibody; one band around
220 kDawas detected. This bandwas noticeably increased inC3
conditions and markedly decreased in CNF, reflecting an
increase of Cx43/ZO-1 interaction in C3-treated cells and a
decreased interaction in CNF-exposed cardiomyocytes.

DISCUSSION

The present study showed that, in rat cardiac myocytes,
the RhoA signaling pathway dynamically modulates the per-
meability of Cx43-made channels. The activation of the
RhoA GTPase cascade markedly enhanced the cell-to-cell
diffusion of a fluorescent dye, whereas opposite effects were
observed after specific inhibition of Rho GTPase-induced
functions by ADP-ribosylation of RhoA. Because (i) actin fila-
ment depolymerization by cytochalasin D elicited a junctional
current rundown despite the presence of ATPwhereas (ii) actin
filament stabilization by phalloidin slowed down the loss of
junctional channel activity in ATP-deprived conditions and
markedly reduced the effects of RhoA activation or inactiva-
tion, RhoA is likely to control the degree of intercellular cou-
pling via its pivotal role in regulating the actin cytoskeleton.
G-protein signaling cascades have emerged as one of the pri-

mary cellular mechanisms for controlling membrane channels;
theywere found tomodulate the activity of differentmembrane
channels, including several Na�, Ca2�, and K� channels (Ref.
41 and references therein), either directly or indirectly. About

FIGURE 9. C3 and CNF had limited effects on GJIC between phalloidin-
treated cardiomyocytes. a, GJIC was markedly increased in cells treated
with phalloidin (Phallo, 30 �M) for 4 h; subsequent exposure to C3 reduced
GJIC but much less than in the absence of phalloidin. For first to fourth col-
umns, n � 41, 13, 15, and 14, respectively. b, in phalloidin-treated cells, CNF
treatment for 1 h had no additive effects. For first to fourth columns, n � 41, 10,
14, and 14, respectively. CTRL, control, **, p 	 0.001, error bars, S.E.
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30 potential effector proteins, including different subsets of
PKs, have been identified that interactwithmembers of theRho
family, but a significant number of mammalian Rho GTPases
are still poorly characterized (for reviews, see Refs. 21 and 42).
Previous studies on the possible involvement of G-proteins in
the modulation of GJIC focused on the larger, heterotrimeric
GTPases (activated by seven transmembrane receptors for hor-
mones and neurotransmitters at the cell surface) and showed
they influence Cx43 trafficking because their inhibition by the
pertussis toxin inhibitedGJ assembly in a degree comparable to
that of the trafficking inhibitors brefeldin A or monensin (43).
Only a few studies have reported influence of the smaller,
monomeric, Ras-related G-proteins. Postma et al. (44) showed
that Cx43-based junctional communication was rapidly but
transiently disrupted upon activation of various G-protein-
coupled receptors, including those for lysophosphatidic acid,

thrombin, and neuropeptides,
through a signaling pathway involv-
ing c-Src. In mouse striatal astro-
cytes, sphingosine 1-phosphate
caused an inhibition of GJIC
through an activation of bothGi and
Rho GTPases (45). In rabbit corneal
epithelial cells, C3 significantly
reduced within 6 h the Cx43 gap
junction assembly (46), whereas in
embryonic stem cell-derived car-
diomyocytes, a 3-h treatment
resulted in a significant up-regula-
tion of Cx40, Cx43, and Cx45 tran-
script levels, whereas 6- or 16-h
exposures had no effects on con-
nexin transcript levels (47). The
data of the present study show that,
in rat ventricular myocytes, GJIC
strength closely depends on RhoA
GTPase activity because activation
or inhibition of RhoA activity each
result in parallel up- or down-regu-
lations of GJIC; in contrast, the inhi-
bition of the most common RhoA
downstream kinase effectors by
Y-27632 had no effect. In mouse
ventricular myocytes, the inhibition
of RhoA (but not Rac1 or Cdc42)
decreased the density of L-type cal-
cium currents, whereas Y-27632
had no effect (48).
In rat ventricular myocytes, all

treatments able to shift the protein
phosphorylation/dephosphoryla-
tion balance toward dephosphoryl-
ation led to disruption of the junc-
tional communication, an effect
mainly ascribed to PP1 activities
(see 49). Myocardial ROCK was
suggested to decrease the activity of
PP1� (also known as myosin phos-

phatase) through phosphorylation of its regulatory subunit
(myosin-binding phosphatase targeting; Ref. 50). The lack of
influence of Y-27632, consistent with the absence of effect of
staurosporine (a serine/threonine PK inhibitor considered to
be more potent than Y-27632 in inhibiting ROCK) on the cell-
to-cell coupling (51), indicates that RhoAdoes not influence the
junctional permeability via a depressing action on PP1 activity
through its downstream effector ROCK. In mouse striatal
astrocytes, Rouach et al. (45) also recently reported that neither
Y-27632 (30 �M) nor staurosporine (1 �M) used alone had
effects on cell-to-cell dye coupling.
The Rho subfamily of Ras-related GTP-binding proteins are

well known to act as molecular switches regulating the organi-
zation of the actin cytoskeleton. The constitutive activation of
Rho proteins by CNF-1 for example induced a polarized reor-
ganization of F-actin even in the presence of Y-27632 (52). The

FIGURE 10. Rho inhibition enhanced the Cx43/ZO-I interaction. a, representative sets of confocal optical
sections showing nucleus (blue), ZO-1 (red), and Cx43 (green) distributions before (left column) and after expo-
sure of the cells to C3 (middle column) or CNF (right column). The lowest row of images are enlargements of
plasma membrane regions. In control cells, both proteins are located at the plasma membrane. b, cardiomyo-
cyte lysates were immunoprecipitated with anti-Cx43 antibodies. Immunoprecipitates were analyzed by ECL
Western blotting immunodetection with anti ZO-1 antibodies. It has to be noted that the blots were done
independently with different exposure times. Indeed in the left panel, because a large amount of ZO-1 was
co-immunoprecipitated with Cx43 after C3 treatment, the chemiluminescence reaction had to be stopped
when this sample began to saturate. In contrast, in the right panel, it was necessary to saturate the control
sample to allow visualization of the ZO-1 band revealed by chemiluminescence in the CNF-treated sample that
was virtually invisible with normal exposures. ZO-1 was detected at the predicted size of 220 kDa. Shown are
representative blots of five separate experiments in each case. CTRL, control.
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modulation of actin dynamics involves a complex interplay of
the Ras G-proteins where Rac and Rho frequently have antag-
onist effects, particularly for cell motility. C3 inactivates Rho
proteins, butCNF-1 activates bothRho andRac by deamidation
of glutamine 61/63, amino acids essential for GTPase activity.
But CNF-1-activated Rac vanished in CNF-1-treated cells due
to proteolytic degradation, whereas the amount of RhoA was
only slightly influenced (see Ref. 53). The observed sustained
GJIC enhancement (still more pronounced after 6 h of CNF
exposure) then appears to result from Rho activation. More-
over alterations in membrane junctions ascribed to enhanced
Rac activity usually do not affect ZO-1 immunolocalization,
whereas effects attributed to Rho activation are accompanied
by ZO-1 displacement. For example, this was the case in T84
intestinal epithelial cells where CNF-1 on the one hand caused
both a profound reduction in tight junction gate function and a
dramatic redistribution of ZO-1 compatible with enhanced
RhoA activity, and on the other hand, subtle alterations in
adherens junction protein localization, were ascribed to Rac
over Rho activity (52).
F-actin disrupters (e.g. cytochalasin B) induced a rapid

assembly of gap junctions in prostate epithelial cells in vitro
(54), whereas they prevented forskolin-induced Cx43 cluster-
ing at cell-cell contacts between ratMorris hepatoma cells (55).
Conversely in cultured astrocytes of embryonic rat, gap junc-
tion inhibitors, which do not prevent the formation but rather
the function of gap junctions, caused both a discordance of
actin stress fibers between neighboring cells and a reduction of
calcium wave propagation (56). Taken together, these studies
suggested the existence of cooperative mechanisms involved in
the interactions between F-actin and Cx43 channels.
The decline in channel activity in ATP deprived conditions is

also a hallmark of several other membrane channels, including
several inwardly rectifying K� channels (IKir), observed in both
excised patches (57) and whole cell conditions (58, 59). In the
latter configuration, a channel rundown, as for gap junctional
channels, was observed when cells were exposed to metabolic
inhibitors or dialyzed with ATP concentrations 	2 mM or
when ATP was replaced by its non-hydrolyzable analogue
AMP-PNP. For both gap junctional and inwardly rectifying
K� currents, the channel activity remained sustained when
ATP was replaced by GTP in the pipette solution (59) and
when the activity of endogenous phosphatases was inhibited
in ATP-deprived conditions (3, 58) and was lowered when
the endogenous phosphatase activity was enhanced (4, 58).
But the behavior of channels differed when cells were exposed
to actin-depolarizing agents: cytochalasinBhadno effect on the
activity of inwardly rectifying K� channels (58), whereas in the
present study, cytochalasin D rapidly reduced gap junctional
conductance. Similar short term applications (10–15 min) of
this agent alsomodulated the activity of othermembrane chan-
nels, of Kv4.2 currents for example, where the current density
was altered but the activation or inactivation properties of the
channels remained unmodified, suggesting an effect on open
probability (60).
The stabilization of the actin cytoskeleton by phalloidin sig-

nificantly increased GJIC; phalloidin also greatly potentiated
the activities of some other membrane channels, for example

fast Na� (INa (61)) or L-type Ca2� (62, 63) channels, an aug-
mentation primarily ascribed by Kim et al. (63) to a phalloidin-
inducedG-actin polymerization. An intact actin cytoskeleton is
essential to allow the translocation of Cx43 to the plasmamem-
brane (64), but the acute effects of the actin depolymerization
agent show that the actin cytoskeleton also modulates the gat-
ing of the junctional channels very likely by lowering their open
probability. This result is consistent with the limited changes in
Cx43 subcellular localization observed when the intercellular
coupling was drastically reduced after C3 exposure, suggesting
that RhoA modulates junctional channel function without
interfering with membrane trafficking. The actin cytoskeleton
dynamics may have an important influence in the modulation
of cell-to-cell junctional communication comparable to the
central importance it has in determining the localization and
functional activity of many other membrane channels (Ref. 60
and references therein). This contrasts with the very limited
influence of the microtubular network because if tubulin binds
to the carboxyl-terminal tail of Cx43 Giepmans et al. (65)
showed that intact microtubules were dispensable for the reg-
ulation of Cx43 gap junctional communication.
The actin cytoskeleton is not known to directly interact with

gap junction proteins (see Ref. 27); zonula occludens proteins,
particularly ZO-1, a 220-kDa peripheralmembrane protein, are
both actin-binding and cross-linking proteins and tether trans-
membrane proteins (e.g. occludin, claudin, junctional adhesion
molecule, or gap junction proteins) to the actin cytoskeleton.
ZO-1 and Cx43 were found co-localized in different cell types,
including cardiac myocytes (9, 66). ZO-1 was proposed to pro-
vide a docking site that temporarily secures the different con-
nexins in gap junction plaques at the cell-cell boundary; differ-
ent domains of ZO-1 serve as docking modules for kinases and
phosphatases that interact with the different connexin
polypeptides (67). In the present study, C3 caused a reduction
inZO-1 labeling and in the intercellular coupling, whereasCNF
had opposite effects. RhoA inhibition caused an increase of the
Cx43/ZO-1 association accompanied by a decrease in junc-
tional plaque size, whereas RhoA activation had opposite
effects, a reduction of the Cx43/ZO-1 association and an aug-
mentation in junctional plaque size. Such variations are con-
sistent with the observations of Hunter et al. (12) and Zhu et al.
(11) who noticed that, in neonatal cardiomyocytes, a reduction
of peripherally associated ZO-1 was accompanied by a signifi-
cant increase in plaque size.
The clustering of cell surface proteins is routinely assumed to

be due to relatively static interactions with scaffolding proteins
that in turn are attached to cytoskeletal components. Cytoskel-
eton-based perimeter fences have recently been reported to
selectively corral a membrane protein subpopulation of chan-
nels (Kv2.1 channels) to generate stable 1–3-�m2 clusters (68).
These authors noticed that despite the stability of these
microdomains the channels retained within the cluster perim-
eter were surprisingly mobile, showing that the clustering did
not result from a static scaffolding-based structure. Connexin
channels clustered in gap junctional plaques share these char-
acteristics where ZO-1 is preferentially localized at the periph-
ery of the plaques (11, 12), suggesting that a ZO-1-actin perim-
eter fence could selectively corral gap junction channels. The
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reduction of Cx43/ZO-1 interaction significantly increased the
size of Cx43 plaques (12, 69) with, in the latter study, a concom-
itant reduction in their overall number. The reduction of the
plaque size observed in the present studymight call attention to
the “ZO-1 ring” surrounding Cx43 plaques.
Divergent roles have been proposed for Cx43/ZO-1 interac-

tion, including the control of gap junction formation and local-
ization of gap junction plaques, internalization of Cx43, and its
targeting for endocytosis (for review, see 27). According to van
Zeijl et al. (70), phosphatidylinositol 4,5-bisphosphate might
regulate junctional communication in an indirect manner, for
example, via a Cx43-associated protein that modifies the Cx43
regulatory tail and thereby the channel functions. In osteoblas-
tic cells, the disruption of the Cx43/ZO-1 interaction with a
connexin-binding fusion protein derived from ZO-1 disrupted
gap junction formation and function, whereas overexpression
of ZO-1 enhanced both junctional plaques and GJIC (71). A
dramatic reduction in ZO-1 expression coinciding with
reduced Cx43 staining was also observed in the failing human
heart (72). The down-regulation of ZO-1 in N/N1003A lens
epithelial cells also resulted in loss of dye transfer activity with-
out altering the total amount of Cx43 protein in the cells (40).
Zonula occludens proteins are also present in the other inter-

cellular junctions, tight junctions and adherens junctions,
where they link transmembrane proteins with the underlying
actin cytoskeleton (for a recent review, see Ref. 73). Both tight
junctions and adherens junctions are regulated in part by this
affiliation with the F-actin cytoskeleton. C3 and CNF both
affected barrier functions of tight junctions and caused ZO-1
redistribution (see Ref. 74). As the existence of stable mechan-
ical contacts based on anchoring junctions is of essential impor-
tance for the formation and stabilization of gap junctions, the
GJIC dependence on RhoA activity might reflect an indirect
effect through an action on adhesion junctions. Rho for exam-
ple has been shown to negatively regulate cadherins (through
the actin cytoskeleton frequently), and evidence also exists that
cadherin-mediated cell-cell contact activates Rac1 and/or
Cdc42, depending on the experimental system, and decreases
RhoA activity (see Ref. 75). In mouse for example, a cardiac-
restricted deletion of N-cadherin resulted in disassembly of the
cardiac intercalated disc structure and a significant decrease in
Cx43 in the workingmyocardiumwhere the electrical coupling
was lost (76, 77). However, if Matsuda et al. (78) also observed
an inhibition of Cx43 accumulation in cultured cardiac myo-
cytes of newborn rat after functional inhibition of N-cadherin,
the inhibition of Rho family proteins by Rho-GDP dissociation
inhibitor significantly attenuated the accumulation of Cx43 but
not that of N-cadherin, suggesting that, in these cells, the local-
ization of Cx43 was determined through the Rac1 downstream
pathway of N-cadherin. Anderson et al. (46) reported that
E-cadherin adherens junctions are not a prerequisite for the
assembly of Cx43 gap junctions in corneal epithelial cells.
When CNF-1 was used to activate Rho GTPases, only subtle
alterations of adherens junctionswere observed (52). In rat ven-
tricular myocytes, neither inhibition of RhoA nor its activation
noticeably affected immunolabeled N-cadherin, but conversely
Rho family proteins, which are known to be signal transducers
downstream of cadherin (75) adherens junctions, might then

influenceGJIC. N-cadherin for example was found to be able to
modulate voltage-gated Ca2� channels via activation of RhoA
and its downstream effector, ROCK (79).
The present results indicate that the permeability of gap

junctional channels of rat cardiac myocytes is rapidly affected
(within minutes) by agents interfering with actin filament
polymerization and, at longer term (a few hours), requires the
activity of Rho small G-protein(s), most probably RhoA. Nei-
ther anchoring junctions nor most common Rho downstream
kinase effectors (e.g. ROCK) appear to be involved in these
effects; as Rho GTPases control the polymerization, branching,
and bundling of actin, Rho might modulate the gating of gap
junctional via the cell actin cytoskeleton. Junctional channels
indeed do not operate as free floating entities in the plasma
membrane but rather interact with specific cytoplasmic pro-
teins (e.g. ZO-1) that link them to the actin cytoskeleton. Asso-
ciation with intracellular molecules is likely to be important for
immobilization and clustering of the channels, for correct tar-
geting of hemichannels to specific subcellular sites, for the abil-
ity of pores to funnel cell-to-cell ion and smallmolecules fluxes,
and for modulation of the channel permeability by PKs, PPs,
and other regulatory proteins. Thus the elucidation of inter-
actions with intracellular proteins promises to reveal a great
deal about the function, regulation, and cell biology of gap
junctional channels. These structures mediate cell-cell com-
munication in almost all tissues, but up to now, little has
been known about their regulation by physiological stimuli.
Acute exposures of ventricular myocytes to serotonin were
recently seen (80)3 to markedly enhance GJIC through acti-
vation of the RhoA downstream pathway. The present
results provide further insight into the gating and regulation
of junctional channels, confirm the important role of ZO-1
in the function of Cx43 gap junctions, and identify a new
downstream target for the small G-protein RhoA. Such a
switch process for Rho family proteins presents an addi-
tional layer of regulation in the transduction of biochemical
signals to gap junctional intercellular communication.
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(INSERM U452, Faculté de Médecine, Nice, France) who kindly pro-
vided CNF and Dr. Anne Cantereau (Institut de Physiologie et Biolo-
gie Cellulaires, Poitiers, France) for microscopy imaging expertise.

REFERENCES
1. Kanter, H. L., Saffitz, J. E., and Beyer, E. C. (1992) Circ. Res. 70, 438–444
2. Sugiura, H., Toyama, J., Tsuboi, N., Kamiya, K., and Kodama, I. (1990)

Circ. Res. 66, 1095–1102
3. Verrecchia, F., Duthe, F., Duval, S., Duchatelle, I., Sarrouilhe, D., and
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27. Hervé, J. C., Bourmeyster, N., Sarrouilhe, D., and Duffy, H. S. (2007) Prog.

Biophys. Mol. Biol. 94, 29–65
28. Butkevich, E., Hulsmann, S., Wenzel, D., Shirao, T., Duden, R., and Ma-

joul, I. (2004) Curr. Biol. 14, 650–658
29. Hall, A. (1994) Annu. Rev. Cell Biol. 10, 31–54
30. Grounds, H. R., Ng, D. C., and Bogoyevitch, M. A. (2005) J. Cell. Biochem.

95, 529–542
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