
Abstract Hemichannels of rat connexin 46 (rCx46) were
expressed in Xenopus laevis oocytes and analysed by two-
electrode voltage-clamp experiments. It is established that
rCx46 hemichannels can be activated at low external Ca2+

and positive membrane potentials. Upon larger depolariza-
tions, the hemichannels of oocytes activate in a time-depen-
dent manner, occasionally followed by a spontaneous inacti-
vation. We found that, in the absence of inactivation, treat-
ment of oocytes with 1-oleoyl-2-acetyl-sn-glycerol (OAG),
an activator of protein kinase C (PKC), reversibly reduced
the amplitude of the rCx46-mediated current and, after an
incubation time of about 30 min, induced inactivation of the
voltage-dependent current. After wash-out of OAG the cor-
responding membrane conductance increased and the inacti-
vation behaviour disappeared. The OAG-induced inactiva-
tion, as well as the spontaneous inactivation, could be re-
moved by application of the specific PKC inhibitor calphos-
tin C and also by phloretin. The data provide evidence that
the activation and inhibition of PKC affect the rCx46-medi-
ated membrane conductance as well as the voltage-depen-
dent current inactivation in an inverse manner.
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Introduction

Connexins in rodents are members of a family of at least
13 homologous proteins which oligomerize to form cell-
type-specific hexameric hemichannels [1]. Plasma mem-
branes of adjacent eukaryotic cells can form gap junction
channels by head to head association between hemichan-
nels. At least two different connexin genes are expressed
in all cell types studied to date. The correlation between
the functional plasticity of gap junction coupling and con-
nexin diversity is not known at present [8]. Therefore, on-

ly knowledge of the properties of hemichannels comprised
of a single type of connexin will allow to elucidate the
function of the different connexins contributing to the
hemichannels within a cell.

The expression of cloned connexin DNAs in paired Xe-
nopus oocytes that exhibit distinct transjunctional voltage
sensitivities and cell-to-cell channel conductances of func-
tional homotypic connexin channels was first reported
1987 by Dahl (for review see [1, 8]). Recently, the elucida-
tion of the complex structure-function relationship of cell-
to-cell channels has become even more simple through the
analysis of single cells with expressed hemichannels. In
general the unapposed hemichannels stay in their closed
configuration under physiological incubation conditions. A
low external [Ca2+] and depolarization have been identi-
fied as keys to the opening of rCx46 hemichannels ex-
pressed in Xenopus oocytes, which allows the analysis of
voltage gating behaviour [2, 5, 7]. Further more, a decrease
in the conductance was observed at large depolarizing volt-
ages [7] which we attribute to voltage-dependent current
inactivation. For the lens fibre protein rCx46 a posttransla-
tional phosphorylation has been identified as an additional
gating mechanism by immunoprecipitation [3].

In the present study voltage-jump current-relaxations
were performed using rCx46 hemichannels expressed in
Xenopus oocytes. To examine the role of protein kinases in
the modulation of membrane conductance and voltage-de-
pendent inactivation, rCx46 hemichannels were analysed
as a function of the phosphorylation state. The effect of a
specific phosphorylating treatment was examined by ap-
plication of a protein kinase C (PKC) activator (1-oleoyl-
2-acetyl-sn-glycerol, OAG), a specific PKC inhibitor (cal-
phostin C) and a protein kinase inhibitor (phloretin).

Materials and methods

Expression of rCx46 cRNA in Xenopus oocytes

The Escherichia coli strain TOPF’ (Invitrogen) was used to host the
plasmid and connexin gene. Strains were cultivated with plasmids
and bacteria were grown at 37°C in Luria Bertani medium (LB) con-
taining ampicillin/methicillin at concentrations of 20/80 µg ml–1.
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The rCx46 transcript was supplied in the SP64T vector for RNA
transcription. SP64T contains 250 bp of the non-coding sequence
from Xenopus β-globin including a poly-A tract that increases transla-
tional efficiency. RNA was prepared by using a synthesis kit contain-
ing SP6 RNA polymerase and CAP analogue purchased from Ambion
(Austin, USA). rCx46 was linearized with XbaI for RNA transcrip-
tion. Transcript concentration was estimated spectrophotometrically
and analysed on agarose gels. Stage V and stage VI Xenopus oocytes
were isolated and defolliculated by collagenase treatment (5 mg ml–1,
355 U mg–1, 1.5 h; Worthington, Type 2) in Ca2+-free ND96 solution
(96 mM NaCl, 2 mM KCl, 1 mM MgCl2, Na-HEPES pH 7.4 and ad-
justed with sorbitol to 240 mosmol/l). Oocytes were injected with 26 nl
(Nanoliter Injector, World Precision Instruments) of RNA solution
containing 2.5 ng transcript and incubated at 16°C in ND96 supple-
mented with 1 mM CaCl2 and antibiotics (100 U ml–1 penicillin/strep-
tomycin). For control experiments the RNA solution was injected to-
gether with 24 nl of DNA antisense to the endogenous XenCx38 oligo
5′-gCT gTG AAA CAT ggC Agg Atg (8 pmol/µl) (Tib Molbiol).

Electrophysiological recordings

Voltage-clamp recordings of macroscopic currents from single Xe-
nopus oocytes were performed 1–5 days after RNA injection. Both
voltage- and current-recording micropipettes were filled with 3 M
KCl (tip resistance, 1–1.5 MΩ). The control bath solution was nom-
inally Ca2+-free and contained 100 mM KCl, 20 mM sorbitol, 2 mM
MgCl2 10 mM MES/Tris adjusted to pH 7.7. Currents were mea-
sured using an amplifier (Turbo TEC 10 CD (NPI)) Voltage proto-
cols were applied by using a Pentium 100 MHz computer coupled
to an ITC-16 interface (Instrutech). Currents were filtered at 1 kHz
and sampled at 0.5 kHz. Data acquisition and analysis were per-
formed by Pulse and Pulsefit (Heka).

Results and discussion

Voltage-jump current-relaxations of rCx46 hemichannels
expressed in Xenopus laevis are shown in Fig. 1. At hold-
ing potentials negative to –65 mV the hemichannels stay in
the closed configuration, but activate at more positive volt-
ages (Fig. 1A). Occasionally, current inactivation was ob-
served at high depolarizing voltages (>50 mV) as shown in
Fig. 1A. However, for a selected oocyte the occurrence of
inactivation could not be predicted. The presence or ab-
sence of voltage-dependent inactivation of expressed
rCx46 hemichannels was found to be a stable phenomenon
during recording times of more than 1 h. The large currents
of Fig. 1A are not seen in non-injected oocytes or in oo-
cytes injected only with DNA antisense to the endogenous
oocyte connexin XenCx38. No significant change of the
current recordings was found by co-injecting rCx46 cRNA
and XenCx38 antisense.

To study the underlying mechanism of inactivation oo-
cytes that showed spontaneously voltage-dependent current
inactivation at high positive voltages were selected. When
200 nM calphostin C was added to the bath the current am-
plitude increased and the inactivating behaviour disap-
peared (Fig. 1B). All of the selected oocytes (n=5) re-
sponded similarly to the application of calphostin C. The
minimal time lag after which 200 nM calphostin C induced
complete suppression of the spontaneously occurring volt-
age-dependent inactivation was about 45 min at 70 mV.
The lowest effective calphostin C concentration was found
to be about 100 nM. After wash-out of calphostin C the
current and the corresponding membrane conductance re-
mained unchanged within the experimental error (see also
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Fig. 1A–C Representative voltage-dependent current-relaxations
recorded from Xenopus oocytes expressing rat connexin 46 (rCx46)
hemichannels. A Macroscopic currents evoked by test potentials in
the range from –110 to 70 mV from a holding potential of –90 mV
in 15-mV increments. For clearer presentation the current response
to –5 mV, 25 mV, 55 mV and 70 mV are presented as indicated. The
holding and test potentials were applied for 10 s. Repolarization to
–90 mV produces inward tail currents. B Time sequence of current
relaxation after addition of 200 nM calphostin C to the bath. For
clearer presentation only the voltage-jump current-relaxation after a
step to 70 mV is given. The recording time is indicated in minutes.
The inset shows the corresponding time course of membrane con-
ductance (g) in the presence and absence of 200 nM calphostin C.
For estimation of the membrane conductance the quasi-stationary
current values were taken from the corresponding set of voltage-
jump current-relaxations (see Fig. 1A) yielding a membrane cur-
rent/voltage (I/V) relation. The membrane conductance was derived
from the linear part of this I/V relation at positive voltages and cor-
rected for the leak conductance. For clearer presentation the peak of
some tail currents was cut off



inset of Fig. 1B). Non-injected oocytes did not respond to
application of 200 nM calphostin C. Addition of 200 nM of
the non-specific protein kinase inhibitor phloretin caused a
similar effect as calphostin C (data not shown). It is note-
worthy that in the absence of a spontaneously occurring in-
activating behaviour neither calphostin C nor phloretin af-
fected the shape and amplitude of current relaxations.

To establish that, in contrast, activation of phosphoryla-
tion induces an inactivation behaviour of rCx46 hemichan-
nels, we selected oocytes that did not exhibit voltage-de-
pendent inactivation and added 200 µM OAG, a known ac-
tivator of PKC, to the bath. The current amplitude (Fig. 2)
and the corresponding membrane conductance (see inset of
Fig. 2) decreased and after about 30 min voltage-dependent
inactivating behaviour became visible. After application of
OAG for about 40 min a stationary current/voltage rela-
tionship was obtained. This time span is in the same range
as that observed for changes of gap junction conductance
in coupled cells by OAG-dependent phosphorylation [6].
The threshold potential of 55 mV, above which a signifi-
cant voltage-dependent inactivation appeared, was similar
to that observed during spontaneously occurring inactiva-
tion (Figs. 1A, 2). The OAG-mediated effect is reversible
after wash-out (see inset of Fig. 2). Voltage-dependent cur-
rent inactivation could not be induced solely by long incu-
bation times of up to 1 h in control bath solution. After
wash-out of OAG the observed increase in the correspond-
ing membrane conductance resembles the finding observed
after suppression of PKC activation (see insets of Figs. 1,

2). Such an increase in conductance could be caused by a
rise of the total number of rCx46 hemichannels available
for activation, the single-channel conductance and/or of the
absolute channel open probability. Both the OAG-mediated
as well as the calphostin C- or phloretin-induced change of
voltage-jump current-relaxations were independent of the
extracellular pH in the range of 6.6 to 7.7.

The OAG-induced decrease of membrane conductance
and voltage-dependent current inactivation could be ex-
plained by assuming that unapposed rCx46 hemichannels
adopt various subconductance states and/or a reduced
channel open probability depending on their phosphoryla-
tion state. It is known that cell-to-cell channels composed
of different members of the connexin family [1] react dif-
ferently upon phosphorylation treatments. Various conduc-
tance states related to various phosphorylation treatments
have been observed for cell-to-cell channels of Cx43. Ac-
tivation of PKC decreases their permeability, whereas the
corresponding membrane conductance increases [4]. The
latter result is opposite to our finding for rCx46 hemichan-
nels. In line with the presented observations we found pre-
viously that the OAG treatment of isolated pancreatic aci-
nar cell pairs which contain Cx32 as major connexin pop-
ulation OAG reduced the gap junction conductance [6].

The presented data provide evidence that the phosphor-
ylation state of Xenopus oocytes affects the conductance
and voltage-dependent inactivation of expressed and unop-
posed rCx46 hemichannels. Further experiments at the sin-
gle hemichannel level are necessary to elucidate the corre-
sponding regulatory pathways of specific phosphorylation
as well as their target.
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Fig. 2 Effect of 1-oleoyl-2-acetyl-sn-glycerol (OAG) on the voltage-
jump current-relaxation. For clearer presentation the current trace re-
corded at a test potential of 70 mV was selected from the measured
sequence of voltage-jump current relaxations (see Fig. 1A). The cur-
rent relaxation evoked in the absence OAG is denoted as “control”.
The recording times after application of OAG are given in minutes.
The corresponding time course of membrane conductance (g) is given
in the inset. The oocyte was incubated for 70 min with 200 µM OAG
as indicated and washed-out thereafter by superfusion with control
bath. The membrane conductance was derived as described in the leg-
end of Fig. 1B. The experiments were performed on one oocyte. The
variability of tail currents will be examined in a forthcoming paper


