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Xenopus Connexin38 Forms Hemi-Gap-Junctional Channels in the
Nonjunctional Plasma Membrane of Xenopus Oocytes

L. Ebihara
Department of Physiology and Biophysics, Finch University of Health Sciences/The Chicago Medical School,
North Chicago, Illinois 60064

ABSTRACT A nonselective cation current activated by depolarization (/c) is present in the nonjunctional membrane of
Xenopus oocytes. This current shares a number of properties with hemi-gap-junctional currents induced by exogenous

gap-junctional proteins in oocytes and with a nonjunctional current seen in teleost retinal horizontal cells including nonse-

lective permeability to small cations, block by external divalent cations, and slow activation kinetics. Here we study the effects
of depleting or overexpressing Cx38 on /c. Antisense depletion of Cx38 caused a marked reduction in /c and blocked
endogenous gapjunctional coupling in oocyte pairs. Conversely, expression of cloned Cx38 in oocytes increased the
amplitude of /c and enhanced gap-junctional coupling. Furthermore, there appeared to be a close correlation between the
temperature sensitivity of /c and the temperature sensitivity of assembly of endogenous gap-junctional channels in oocyte

pairs. These results suggest that Xenopus connexin38 is involved in the generation of /c.

INTRODUCTION

Gap junctions are composed of intercellular channels that
allow the passage of ions and other small metabolites. Each
channel is formed from two hemichannels or connexons in
opposing cell membranes, which dock with each other via
their extracellular domains to form a patent intercellular
channel. The connexons are oligomers of 6 protein subunits
called connexins. At least 12 different types of rodent con-
nexins have been identified (Paul et al., 1991; Beyer et al.,
1987; Zhang and Nicolson, 1989; White et al., 1992; Hen-
nemann et al., 1992a,b,c; Willecke et al., 1991; Kanter et al.,
1992).

In addition to forming gap-junctional channels, recent
work suggests that some types of connexins can form poorly
selective, voltage-gated channels blocked by extracellular
calcium in the nonjunctional plasma membrane of single
cells. DeVries and Schwartz (1992) reported that there was
a nonjunctional membrane current in teleost retina horizon-
tal cells that exhibits many of the properties expected of a
hemi-gap-junctional current, including modulation by fac-
tors known to modulate the gap-junctional conductance
between retinal horizontal cells such as dopamine, nitric
oxide, and intracellular pH and permeability to the anionic
dye, lucifer yellow. Additional evidence for the presence of
hemi-gap-junctional channels comes from expression stud-
ies in oocytes that show that rat connexin46, chick con-
nexin56, and bovine connexin44 can form channels in the
nonjunctional plasma membrane that activate on depolar-
ization (Paul et al., 1991; Ebihara and Steiner, 1993; Ebi-
hara et al., 1995; Gupta et al., 1994).

Amphibian oocytes are metabolically and electrically
coupled to follicular cells through gap junctions. Gap junc-
tions are also present between blastomeres of the amphibian
embryo early in development before activation of the em-
bryonic genome. Studies of the developmental regulation of
gap-junctional proteins in the Xenopus embryo indicate that
Xenopus connexin38 (Cx38) is the major gap-junctional
protein in the Xenopus oocyte (Ebihara et al., 1989; Gimlich
et al., 1990). Northern blot analysis and S1 nuclease pro-
tection assays show that Cx38 mRNA is present at the
highest levels in the oocyte and egg. After fertilization, it
gradually decreases through the blastula and gastrula stages
and is negligible by the early neurula stage.

Besides gap-junctional channels, Xenopus oocytes ex-
hibit a number of other endogenous channels, including
calcium-activated chloride channels (Barish, 1983; Miledi,
1982; Miledi and Parker, 1984), calcium-independent chlo-
ride channels activated by hyperpolarization (Parker and
Miledi, 1988), chloride channels activated by hypotonicity
(Ackerman et al., 1994), and stretch-activated cation chan-
nels (Methfessel et al., 1986; Yang and Sachs, 1990). Re-
cently, Arellano et al. (1995) investigated the properties of
an endogenous, nonselective cation current (Ic or 'creep) that
activates on depolarization and is blocked by divalent cat-
ions. Our present results indicate that Ic is due to the
opening of endogenous hemi-gap-junctional channels in the
nonjunctional plasma membrane of Xenopus oocytes. Fur-
thermore, they suggest that caution must be taken to distin-
guish this current from hemi-gap-junctional currents in-
duced by heterologously expressed gap-junctional proteins.
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MATERIALS AND METHODS

In vitro transcription and translation

A DNA fragment containing the entire coding region of Xenopus Cx38 was

digested with AlwNI and EcoRI, linked with EcoRI linkers, and subcloned
into the EcoRI site of the RNA expression vector, SP64TII, between the 5'-
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and the 3'-noncoding regions of Xenopus 13-hemoglobin. This vector was

derived from pSP64T (Krieg and Melton, 1984) as previously described
(Ebihara et al., 1995).

Cx38 SP64TII was linearized with BamHI and transcribed in vitro using
SP6 RNA polymerase (Promega Corp., Madison, WI). The methylated RNA
cap analogue, 5'm7G(5')ppp(5')G (New England Biolabs, Beverly, MA), was

added to the transcription buffer to produce capped RNAs. The transcripts
were purified on a spun column (Boehringer Mannheim, Indianapolis, IN) to
remove unincorporated rNTPs and precipitated with ethanol. The transcripts
were then resuspended in diethyl pyrocarbonate-treated water, and aliquots
were stored at - 80°C. The quality and amount ofcRNA was assessed visually
using formaldehyde gel electrophoresis. To verify that the cRNA could be
translated in vitro, a sample of the cRNA was translated in a rabbit reticulocyte
lysate (Life Technologies, Gaithersburg, MD) in the presence of [35S]methi-
onine according to the manufacturer's instructions. The radioactively labeled
translation product was separated on a 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel, fixed in 10% acetic acid, 40% methanol for 30 min at

room temperature, and detected by fluorography.

Preparation of oocytes

Oocytes were prepared and injected with cRNA or oligonucleotides as

previously described (Ebihara and Steiner, 1993). Phosphorothioate oligo-
nucleotides (Oligos etc., OR) were used in these experiments, but identical
results were obtained using unmodified deoxyoligonucleotides. The oligo-
nucleotide antisense to mRNA for Xenopus Cx38 had the sequence 5'-GCT
TTA GTA ATT CCC ATC CTG CCA TGT TTC-3'. This sequence

corresponds to nucleotides -5 to +25 of the coding region of Cx38
(Ebihara et al., 1989). The scrambled antisense oligonucleotide had the
sequence 5'-CTT TTG ACC GCT CAT CCC TAT AGT ATT TGC-3'. In
the Cx38 depletion studies, oocytes were injected with 7.4 ng of antisense
oligonucleotide or 4.6 ng of the permutated version of it 24-48 h before
electrophysiological measurements. To study gap-junctional channel for-
mation in paired oocytes, oocytes were stripped and paired as previously
described (Ebihara and Steiner, 1993).

Metabolic labeling studies were performed by co-injecting oocytes with
Cx38 cRNA and [35S]methionine (Amersham, Arlington Heights, IL) and
incubating them at 18°C for 6-8 h. The oocytes were then transferred to

Eppendorf tubes and homogenized on ice in 5 mM Tris-HCl, pH 8.0, 1 mM
EDTA, and 1 mM EGTA containing 20 ,uM phenylmethylsulfonyl fluoride
(lysis buffer) by passage through a 20-gauge needle. The homogenate was

centrifuged at 6000 x g at 4°C for 5 min to pellet yolk granules. The
supernatant was then centrifuged at 100,000 X g for 45 min at 4°C, and the
membrane pellet was resuspended in fresh lysis buffer, separated by
SDS-polyacrylamide gel electrophoresis, and detected by fluorography.

Electrophysiological measurements

Nonjunctional currents were measured in single oocytes using a two-

microelectrode voltage-clamp technique. Junctional currents were mea-

sured in oocyte pairs using a dual two-microelectrode voltage-clamp tech-
nique (Spray et al., 1981). The experiments were controlled and data were

collected using an analog-to-digital converter system (TL-1 DMA inter-
face, 100 kHz; Axon Instruments, Foster City, CA) and PClamp6 software
(Axon Instruments). Analysis and graphical presentation of the data were

done with PClamp6 (Axon Instruments) and Fig P (Biosoft, Cambridge,
UK) software. The external bath solution used for electrophysiological
recordings was composed of (in mM): 88 NaCl, 1 KCl, 2.4 NaHCO3, 15
HEPES, 0.3 Ca(NO3)2, 0.41 CaCl2, and 0.82 MgSO4, pH 7.4.

The base of the recording chamber was in contact with an inverted glass
tempering beaker. Temperature of the bath solution was controlled by
circulating heated or cooled water through the glass tempering beaker
using a refrigerated circulating water bath (Hoefer Scientific, San Fran-
cisco, CA). Temperature was monitored using a thermister probe (YSI,
Yellow Springs, OH) in the recording chamber during experiments. The
temperature dependence of the experimental parameters was described by
the temperature coefficient, Q1o, which was determined from the equation
Qlo = [X,/X2] X [10/(T2 - T1)], where X, is the value of the experimental
parameter at the lower temperature, T,, and X2 is the value of the parameter
at the higher temperature, T2.

RESULTS

Effect of injection of antisense oligonucleotide
complementary to Cx38 mRNA

Oocytes were voltage-clamped to a holding potential of
-40 mV, and a series of depolarizing steps were applied
between -30 and +30 mV. At potentials more positive than
-10 mV, a small, slowly activating endogenous current was
observed with characteristics of the nonselective cation cur-

rent (Ic) previously described by Arellano et al. (1995): slow
activation kinetics, block by external divalent cations, and
linear instantaneous I-V relationship. The amplitude of Ic
showed considerable variability in different batches of oo-

cytes but was similar in oocytes from the same frog.
Because the functional properties of Ic resembled those of

currents attributed to hemi-gap-junctional channels, we de-
cided to investigate the involvement of endogenous hemi-
gap-junctional channels in the generation of Ic. First, we

examined the effect of depletion of the major endogenous
gap-junctional protein, Xenopus Cx38, by injecting oocytes
with an antisense oligonucleotide complementary to the
sequence of Cx38. This treatment has been previously been
shown to dramatically reduce endogenous gap-junctional
coupling in oocyte pairs (Barrio et al., 1991; Bruzzone et al.,
1993; Hennemann et al., 1992c). The results of these ex-

periments are summarized in Table 1. Fig. 1 shows repre-

sentative current traces recorded from a cell injected with
Cx38 antisense oligonucleotide. Injection of Cx38 antisense
oligonucleotide produced a dramatic reduction in Ic at 24 h
after injection. By 48 h after injection, Ic was completely
abolished. In contrast, no reduction in Ic was observed in
control, non-injected cells or in cells treated with nonsense

oligonucleotides at either 24 or 48 h after injection.

TABLE I Effect of depletion of Cx38 on biophysical properties of IC in oocytes

Cx38 antisense Control Scramble

Imax (nA) -9.35 ± 9.9 (n = 18, N = 6) -106.2 ± 45.5 (n = 25, N = 7) -104 ± 50.8 (n = 8, N = 3)
Resting potential (mV) -49.25 ± 8.9 (n = 16, N = 6) -49.3 ± 14.2 (n = 20, N = 7) -35.4 ± 7.6 (n = 7, N = 3)
Slope conductance at -40 mV (,uS) 1.44 + 172 (n = 19, N = 6) 1.35 ± 418 (n = 27, N = 7) 1.36 ± 304 (n = 8, N = 3)

Oocytes were injected with Cx38 antisense oligonucleotide or a permuted version (scramble) of it 24-48 hours before recording. All experiments were
performed at room temperature (22-23°C). Imax was determined from the initial amplitude of the tail current on repolarization to -40 mV after a 24-s step
to 30 mV. Results are presented as means ± SEM of the indicated number of cells (n). N = number of toads.
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FIGURE I Effect of depletion of Cx38 on
transmembrane currents in oocytes. Transmem-
brane currents recorded from control (A) and
Cx38 antisense-injected (B) oocytes. Whole cell
currents in oocytes were recorded in the two-
microelectrode voltage-clamp configuration.
Voltage clamp steps were applied in increments
of 10 mV between -40 and +30 mV from a
holding potential of -40 mV; the interpulse
interval was 40 s, and the temperature was 22°C.

The effect of Cx38 antisense oligonucleotides appeared
to be specific for Ic. No differences in resting potential or
slope conductance at -40 mV were observed (Table 1).
Other endogenous currents such as the voltage-dependent
inward current and the calcium-activated chloride current
were not affected by treatment with Cx38 antisense.

Injection of Cx38 cRNA enhances /c
As another approach for examining the relationship between
Cx38 and Ic, Ic was recorded in oocytes injected with Cx38
cRNA. The expression of Cx38 in Cx38 cRNA-injected
oocytes was verified by co-injecting oocytes with [35SJme-
thionine. Fig. 2 shows an autoradiogram of an SDS-poly-
acrylamide gel loaded with plasma-membrane-enriched
preparations from four oocytes/lane. Lane 1 was injected
with water; lane 2 was injected with Cx38 cRNA. A major
band with the same electrophoretic mobility as the in vitro
translated Cx38 was observed in oocytes injected with Cx38
cRNA (lane 2). A band of similar size and intensity was not
observed in water-injected controls.

Fig. 3B shows representative currents recorded from a
Cx38 cRNA-injected oocyte 72 h after injection. Oocytes
injected with Cx38 cRNA developed a large, slowly acti-
vating current, the properties of which resembled those of
Ic. The amplitude of this current was significantly larger
than that observed in control oocytes of the same age (Fig.
3 A). Fig. 3 C shows the amplitude of Ic as a function of time
after injection. The amplitude of I4 (measured as the peak
amplitude of the tail current at -40 mV) increased from

1 2

FIGURE 2 Cx38 cRNA is efficiently translated in Xenopus oocytes.
Plasma-membrane-enriched preparations from oocytes injected with
[35S]methionine alone or Cx38 cRNA plus [35S]methionine were run in
lanes 1 and 2, respectively. The molecular mass (in kilodaltons) of protein
standards are indicated on the right edge of the gel.

-95 ± 49.7 nA at day 0 (n = 16 oocytes) to -377.5 + 114
nA at day 2 (n = 7 oocytes). The ability of Cx38 to induce
gap-junctional coupling in oocyte pairs was also tested.
Oocytes were injected with cRNA for Cx38, paired, and
incubated overnight at 17°C. They were then incubated for
1-2 h at 24°C after which Gj was measured. Oocyte pairs
injected with Cx38 cRNA had significantly higher levels of
coupling than non-injected control pairs (Fig. 3 D). These
results are similar to those previously obtained (Ebihara et
al., 1989).
The Ic current expressed in oocytes injected with Cx38

cRNA activated with an exponential time course in response
to a depolarizing voltage-clamp step (Fig. 4 A). The time
course of activation became slower at more positive poten-
tials. Unlike hemi-gap-junctional currents induced by the
exogenous gap-junctional protein, rat connexin46 (Cx46),
the activation kinetics of Ic did not depend on initial con-
ditions. Changing the holding potential from -40 to -10
mV caused no significant change in the time course of
activation in response to a depolarizing step to 30 mV. The
voltage dependence of activation was determined from
steady-state ionic currents (Fig. 4 B). The activation curve
had a shallow voltage dependence and did not reach a
maximal value over the voltage range between -10 and
+30 mV. In several experiments, the reversal potential of
the tail current was estimated to be O-10 mV and the
instantaneous I-V relation was linear. These findings are
similar to the those previously reported by ArellanQ et al.
(1995) and are consistent with the notion that Ic is nonse-
lectively permeable to small cations such as sodium and
potassium.
The Ca2+ dependence of Ic was measured by continu-

ously superfusing cells with a series of solutions buffered to
different calcium concentrations and determining the iso-
chronal amplitude of the tail current at -40 mV after a 24-s
pulse to 30 mV. An example of a typical experiment is
shown in Fig. 4 C. Changing the external calcium concen-
tration from 0.2 to 2 mM caused a marked reduction in the
amplitude of Ic. c was maximal at calcium concentrations
less than 0.5 mM and was mostly blocked at calcium
concentrations greater than 2 mM. Another effect of in-
creasing external calcium was to accelerate the time course
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FIGURE 3 Overexpression of Cx38 in-
creases the amplitude of Ic. (A and B) Cur-
rents in control (A) and Cx38 cRNA-injected
(B) oocytes. Cx38 cRNA was injected 3 days
before recording. Voltage clamp steps were
applied in increments of 10 mV between
-40 and +30 mV from a holding potential
of -40 mV; the interpulse interval was 40 s.
(C) Oocytes from three frogs were injected
with Cx38 cRNA, and the initial amplitude of
the Ic tail current (determined at -40 mV
following a 24-s step to 30 mV) was recorded
at different times after injection. Numbers in
parentheses indicate number of oocytes
tested. All experiments were performed at
23°C. (D) Gi was measured in non-injected
oocyte pairs and in oocyte pairs injected with
cRNA for Cx38. Numbers in parentheses in-
dicate number of pairs tested.

0 24 48 72

Time after injection(hours)

of deactivation and reduce the steady-state holding current
at -40 mV. The kinetics of activation were not altered by
changing external calcium concentration.

Temperature dependence

One of the most striking characteristics of Ic was its sensi-
tivity to changes in temperature. Fig. 5 A shows currents
recorded from a Cx38 cRNA-injected oocyte at three dif-
ferent temperatures. The currents were elicited by applying
a series of depolarizing voltage-clamp steps between -40
and +30 mV from a holding potential of -40 mV. Increas-
ing the temperature by only a few degrees caused a marked
increase in the amplitude of Ic and an acceleration of the
activation and deactivation kinetics. These changes could be
reversed by cooling the cell back to 21°C. To investigate
whether the increase in Ic involved a temperature-dependent
increase in the rate of transport of Cx38 from an intracel-
lular compartment to the cell surface, we examined the
effect of the fungal metabolite, brefeldin A, which had been
previously shown to block export of proteins from distal
Golgi compartments to the cell surface (Miller et al., 1992;
Low et al., 1992). Preincubation of Cx38 cRNA-injected
oocytes in 10 ,ug/ml brefeldin A for 1 h failed to inhibit the
temperature-dependent increase in Ic (data not shown).

To study the effect of temperature on steady-state con-
ductance, membrane currents were elicited by applying a
train of hyperpolarizing voltage-clamp pulses from a hold-
ing potential of +10 mV to -50 mV while the temperature
was slowly cycled between 20°C and 25°C (-0.5°C/min)
(Fig. 5 B). Both the amplitude of the holding current at +10
mV and the amplitude of the initial tail current at -50 mV
increased dramatically as the temperature was raised from
20°C to 25°C. Fig. 5 C shows the steady-state amplitude of
Ic at +10 mV plotted as a function of temperature. Data
obtained during heating and cooling are represented as open
and filled symbols, respectively. Shifting the temperature
from 20°C to 25°C caused a -4.6-fold increa,se in ampli-
tude corresponding to a Qlo of 21. Similar results were
obtained in two other experiments.
We previously observed that oocyte pairs incubated at

temperatures greater than 25°C exhibited much higher lev-
els of endogenous coupling than pairs maintained at lower
temperatures (Ebihara, unpublished observations). This sug-
gests that there might be a correlation between the temper-
ature sensitivity of Ic and the ability of Cx38 to assemble
into gap-junctional channels. To further investigate this
idea, the effect of temperature on the time course of gap-
junctional channel assembly was measured (Fig. 6). In six
pairs of non-injected oocytes from one frog, no endogenous

C

0 nA

L5s

D

600

500

400
nA

300

200

(6)6

Gj( P S)

3-

100

0
45)

9-

745Ebihara

I



Biophysical Joumal

A

FIGURE 4 Properties of Ic in oocytes injected with
Cx38 cRNA. (A) Time course of activation of Ic. Ic was
recorded in response to a series of depolarizing voltage-
clamp steps from a holding potential of -40 mV to
potentials between -30 and +30 mV. The solid lines
were drawn according to I = A(I - e(-tl/)). T in-
creased from 19.3 s at 0 mV to 47.7 s at 30 mV. Data
were corrected for a linear leakage component. Temper-
ature was 23°C. (B) Steady-state activation curve. The
steady-state conductance (G ) was determined by divid-
ing Ic (°°) by Vrev where Ic (o0) was estimated by extrap-
olation of the currents recorded in A to t = oc and Ve-
-10 mV. (C) Dependence of Ic on extracellular Ca2+
concentration. The cells were continuously superfused
with a series of solutions buffered to different calcium
concentrations (upper horizontal bars). The isochronal
tail current amplitude was measured after 24-s pulses to
30 mV and plotted as a function of time (0, Cx38
cRNA-injected oocyte; 0, Cx38 antisense-injected oo-
cyte). The holding potential was -40 mV.

500 nA

10 s

C

gap-junctional channel formation was observed when the
pairs were maintained for 14-18 h at 19°C. Increasing the
temperature to 22-23°C for 60 min failed to cause a signif-
icant increase in gap-junctional conductance, Gj. On the
other hand, when the temperature was maintained at 26-
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B
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As 3-
2

I
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28°C, there was a rapid increase in Gj in five out of five
pairs tested. The increase in Gj could be only partially
reversed by cooling the cell pairs back to 19°C, suggesting
that, once formed, the connexins remain assembled as gap-
junctional channels. Pretreatment of the oocyte pairs with

21 0 230 26
FIGURE 5 Effect of temperature on 4. (A) Mem-
brane currents recorded at three different temperatures.
Currents were elicited by applying a series of depolar-
izing voltage-clamp steps from a holding potential of
-40 mV to potentials between -30 and +30 mV.
Increasing the temperature to 26°C dramatically in-
creased the amplitude of I, and accelerated the kinetics
of activation. (B) Effect of temperature on steady-state
amplitude of I4 Superimposed currents were recorded
during successive hyperpolarizing pulses to -50 mV
from a holding potential of +10 mV as the bath tem-
perature was cooled from 23°C to 20.4°C and then
increased to 25.6°C. The interpulse interval was 2 min.
Both the amplitude of the holding current at 10 mV and
the initial amplitude of the tail current at -50 mV
increased markedly as the temperature was increased
from 20°C to 25°C. (C) The steady-state amplitude of
4c at +10 mV was plotted semilogarithmically versus
temperature. Filled and open symbols represent data
obtained during cooling and heating, respectively. The
solid line is the best fit of a straight line to the data.
Leakage current correction was made by subtracting the
residue holding current after a hyperpolarizing prepulse
to -50 mV determined at a temperature of 20°C.
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c and blocked endogenous gap-junctional coupling in oo-

cyte pairs. Conversely, expression of cloned Cx38 in oo-
cytes increased the amplitude of Ic and enhanced gap-
junctional coupling. Furthermore, there appeared to be a

26 correlation between the temperature sensitivity of Ic and the
temperature sensitivity of assembly of endogenous gap-
junctional channels in oocyte pairs. These findings strongly

gA> suggest that Cx38 is involved in the generation of Ic.
,-A The nonselective cation current described here shares a

A/ 22.5 number of properties with nonjunctional currents observed
22.5_,in teleost retinal horizontal cells in solutions containing

>26 reduced calcium ions (DeVries and Schwartz, 1992) and
with hemi-gap-junctional currents induced by exogenous
gap-junctional proteins in Xenopus oocytes (Paul et al.,

0 10 20 30 40 50 60 1991; Ebihara and Steiner, 1993; Ebihara et al., 1995; Gupta
Time (minutes) et al., 1994). All of the hemi-gap-junctional currents acti-

vated on depolarization were nonselectively permeable to
small cations and were blocked by divalent cations. None of
the currents showed significant shifts in reversal potential
on replacement of all of the sodium chloride in the record-

1mm.IEmmh'-5 iD 35 iEr1_ing solution with various sodium salts, suggesting that the
hemi-gap-junctional channels were either relatively imper-

50OnA meable to anions or that they discriminated very poorly

5 s between different anions. Another common feature ob-
served for several of the channels was permeability to
lucifer yellow (DeVries and Schwartz, 1992; Paul et al.,
1991).

Despite these similarities, Ic could be readily distin-
guished from the hemi-gap-junctional current induced by
the exogenous gap-junctional protein, rat Cx46, by differ-

5 s ences in their activation kinetics. The kinetics of activation

Effect of temperature on the rate of assembly of endogenous of the Cx46-induced nonjunctional current were complex
ial channels. (A) Gap-junctional conductance (Gj) is plotted as a and depended upon initial conditions (Ebihara and Steiner,
ime after changing the bath temperature to the indicated values. Gj 1993). In contrast, the kinetics of activation of Ic followed a
ned by applying a 20-mV test pulse to cell 1 at 180-s intervals and monoexponential time course and were independent of ini-
ie current response in cell 2. The holding potential was -40 mV. tial conditions. The currents also exhibited differences in
ous gap-junctional channel formation was observed when pairs of kinetics and steady-state voltage-dependent properties in
,tes were incubated for 14-18 h at 19°C. Increasing the tempera- Ca2+ free test solutions (Ebihara et al., 1995; Ebihara and
'C for 60 min failed to cause a significant increase in Gj (L).
hen the temperature was maintained at 26-27°C there was a rapid Steiner, 1993; Arellano et al., 1995).

increase in Gj (A). In contrast, oocyte pairs pretreated with Cx38 antisense
oligonucleotide (-) showed no increase in Gj in response to an increase in
temperature to 26°C. (B and C) Nonjunctional currents recorded from Cx38
antisense-injected (B) and non-injected, control (C) pairs at 26-270C. The
nonjunctional current (I,) was determined in dual voltage-clamp experiments
as Im = ,-I2' where I, and 12 are the currents recorded in cells 1 and 2,
respectively, in response to a voltage-clamp step applied to cell 1. Data were
recorded from the same pairs as in A.

Cx38 antisense oligonucleotide blocked both G. and Ic at all
temperatures (two pairs, one frog).

DISCUSSION

We have used the voltage-clamp technique to study the
effect of depleting or overexpressing Cx38 on the endoge-
nous, slowly activating outward current in Xenopus oocytes.
Antisense depletion of Cx38 caused a marked reduction in

Temperature dependence

The strong temperature-dependent enhancement of IC
could in principle reflect the activation of channels that
had been previously inserted into the plasma membrane
in an inactive form or the trafficking of Cx38 to the cell
surface. However, the finding that this process was rap-

idly reversible on cooling and was not blocked by brefel-
din A argues against the latter possibility. If the Ic chan-
nels are precursors in the formation of gap-junctional
channels, then increasing the number of Ic channels in the
membrane pool that are available for docking would be
expected to increase the rate of gap-junctional channel
formation although the rate of gap-junctional channel
assembly would not necessarily parallel the rate of in-
crease of Ic as the assembly of the gap-junctional chan-
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nels is a complex process requiring multiple steps. Our
experiments showing a correlation between the strong
temperature dependence of the amplitude of Ic and the
temperature dependence of assembly of endogenous con-
nexins into gap-junctional channels are consistent with
this notion.

In summary, the present results indicate that Cx38 is
involved in the generation of an endogenous, nonselective
cation current in Xenopus oocytes and suggest that the
presence of functional gap-junctional hemichannels may be
a more widespread phenomena than has been previously
recognized. By studying the biophysical properties of hemi-
gap-junctional channels in single oocytes using two-micro-
electrode voltage-clamp and single-channel recording tech-
niques, it may be possible to obtain detailed information
about the mechanisms underlying the permeability and
modulation of a wide range of gap-junctional channels.

I thank E. Steiner for excellent technical assistance.
These studies were supported by National Institutes of Health grants
EY10589 and HL45377.
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