
jgp

T
H

E
 J

O
U

R
N

A
L

 O
F

 G
E

N
E

R
A

L
 P

H
Y

S
IO

L
O

G
Y

� Lopez et al. S1 

sponding tail currents only when cRNA for hCx26 is 
injected.

Large depolarizing voltages and Ca2+ influx through 
hCx26 hemichannels can evoke endogenous Cl cur-
rents in Xenopus oocytes (Sánchez et al., 2010). We first 
assessed Ca2+-activated Cl currents in oocytes express-
ing hCx26 that were treated with the 10 µM Ca2+ iono-
phore ionomicyn in 0.01 mM of extracellular Ca2+ 
Ringer’s solution, and then exposed to 10 mM Ca2+. Fig. 
S2 A shows an example of an ionomicyn-treated oocyte 
held at 80 mV. At 0.01 mM Ca2+, a stable leak current 
is observed. Switching to 10 mM Ca2+ elicits a promi-
nent inward current followed by recovery. The promi-
nent inward current corresponds to opening of 
Ca2+-activated Cl channels, as described by others 
(Hartzell et al., 2005). Conversely, oocytes injected with 
120 µM BAPTA show a lack of inward currents under 
these conditions (Fig. S2 B). We also evaluated whether 
Ca2+-activated Cl currents can be triggered by the 
opening of hCx26 hemichannels after depolarizing 
pulses (caused by Ca2+ entry through the hemichan-
nels). Fig. S2 C shows tail currents with multiphasic de-
activations after repolarizing from voltages >20 mV. 
However, oocytes injected with 120 µM BAPTA showed 
only monotonic deactivation kinetics of tail currents, 
with single-exponential fits of 12 s (Fig. S2 D, red 
lines). This indicates that enhanced opening of hemi-
channels promotes Ca2+-activated Cl currents, and that 
120 µM BAPTA is sufficient to eliminate these currents. 
Importantly, we consistently observed that depolarizing 
pulses from 80 to 0 mV along with moderate levels of 
expression of hCx26 generate tail currents with single-
exponential decays of 12 s, indicating that the tail cur-
rents reflect deactivation only of hCx26 hemichannels, 
without contamination by other deactivating currents. 
Because of the reliability and reproducibility of tail cur-
rents obtained with this protocol, we performed steady-
state and kinetic studies of tail currents in response to 
changes in external Ca2+ concentration. Even so, injec-
tions with 120 µM BAPTA were applied in some cases 
when oocytes expressed high levels of hCx26 currents 
and when the mutant hemichannel currents were ex-
posed to high extracellular Ca2+ (≥3.5 mM).

Characterization of hCx26 hemichannel currents
Xenopus oocytes are well suited for study of connexin 
hemichannels because they show robust currents from 
heterologously expressed connexins and, because of 
their large cytoplasmic volume, they can tolerate and 
recover from substantial hemichannel opening. Previ-
ous reports have shown that large depolarizing pulses 
and low extracellular Ca2+ concentrations activate 
Cx26 hemichannels (Ripps et al., 2004; González et 
al., 2006; Sánchez et al., 2010). However, precautions 
must be taken to guard against contaminating cur-
rents arising from an endogenous connexin (Cx38), 
voltage-activated Na+ channels (activated above 20 
mV), and Ca2+-activated Cl channels. Currents from 
these endogenous channels can mask hCx26 hemi-
channel currents and complicate quantitative gating 
analysis (Ebihara, 1996; Ripps et al., 2002a,b; Sánchez 
et al., 2010). Here, we describe studies to identify the 
distinctive gating properties of hCx26 hemichannels 
using the two-electrode voltage-clamp technique to al-
low for the study of hemichannel regulation by exter-
nal Ca2+. The activation of the endogenous Na+ 
channels can be avoided by restricting depolarizations 
to 0 mV. Thus, we first examined the current responses 
elicited by a depolarizing pulse from 80 to 0 mV, but 
with different durations. Fig. S1 A shows that the peak 
tail current magnitude is a function of the duration of 
the depolarizing pulse rather than the magnitude of 
the current activated during the depolarization. Maxi-
mal tail current activation is reached after depolariz-
ing pulses of 40 s (Fig. S1 B). This suggests that 
channel activation by a depolarizing pulse may be ki-
netically complicated, like that of HERG channels 
(Schönherr and Heinemann, 1996; Smith et al., 1996; 
Spector et al., 1996). Similar to analysis of HERG chan-
nels, we used the peak tail currents to assess hCx26 
current activation. Fig. S1 C shows the differences be-
tween the currents activated by depolarizing pulse 
from 80 to 0 mV from oocytes expressing hCx26 
compared with oocytes injected only with antisense 
against Cx38, the endogenous connexin expressed by 
Xenopus oocytes. Note the prominent activation of out-
ward connexin hemichannel currents and the corre-
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Figure S2.  Distinguishing gating properties of hCx26 
hemichannels from endogenous Ca2+-activated chloride 
currents. (A and B) Oocytes expressing hCx26 hemichan-
nels were treated with 10 µM ionomicin in the presence of 
0.01 mM of extracellular Ca2+ Ringer’s solution, and then 
exposed to 10 mM Ca2+. A large inward current mediated 
by Ca2+-activated chloride channels is observed (A), but not 
when the oocyte was previously injected with 120 µM 
BAPTA (B). (C and D) Depolarizing voltage pulses from 
80 to 0, 20, and 40 mV elicited currents from oocytes ex-
pressing hCx26 hemichannels in the presence of 1.8 mM 
of extracellular Ca2+. The tail currents display multiple ki-
netic components after depolarizing pulses of 20 and 40 
mV (C). Conversely, with prior injection of the oocyte with 
120 µM BAPTA, only monotonic deactivation kinetics of 
tail currents are seen (D). Red lines correspond to single-
exponential fitting of the tail currents.

Figure S1.  hCx26 hemichannel currents. (A) Currents 
elicited in response to voltage steps from 80 to 0 mV from 
oocytes expressing mRNA for hCx26 in the presence of 1.8 
mM of external Ca2+. Pulses of 5, 10, and 40 s show that tail 
current magnitude is a function of the duration of the de-
polarizing pulse. (B) Normalized tail currents in response 
to voltage pulses from 80 to 0 mV of different durations. 
The data points represent mean ± SEM of at least three in-
dependent measurements. (C) Comparison of currents in 
the presence of 1.8 mM Ca2+ elicited by a voltage pulse 
from 80 to 0 mV from oocytes injected with both hCx26 
mRNA and Cx38 antisense (black) or only with Cx38 anti-
sense (red).
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Figure S3.  Ca2+ regulation in D50C mutant hemichannels. (A) 
Ca2+ dose–response relation for oocytes expressing D50C mutant 
hemichannels estimated from the peak tail current after a voltage 
pulse from 80 to 0 mV. The solid and dotted lines represent the 
best fits to a Hill equation for wild-type (from Fig. 1 B) and D50C 
mutant hemichannels, respectively. (B) Deactivation time con-
stants as a function of Ca2+ concentration. Dotted lines are the 
best linear fit to the D50N/Y mutant hemichannel data. The solid 
line corresponds to the linear fit of the average data for wild-type 
hemichannels (from Fig. 1 C). The data points represent mean ± 
SEM of at least three independent measurements.

Figure S4.  Deactivation kinetics are only modestly modulated by 
voltage in wild-type and D50N/Y mutant hemichannels. (A) De-
activation time constants for oocytes expressing wild-type (closed 
circles), D50N (open circles), and D50Y (slow component; open 
diamonds) mutant hemichannels were obtained in the presence 
of 1.8 mM Ca2+ after a voltage step from 0 mV to different voltage 
steps (120 to 20 mV). The solid lines are fits to the data using 
an equation of the form: deactivation = A exp(zV/RT), where A is a 
constant, z defines the voltage dependence of deactivation, and V is 
the voltage. Parameters z were 0.2 ± 0.02, 0.17 ± 0.01, and 0.03 ± 
0.02 for the wild-type, D50N, and D50Y mutants, respectively. (B) 
Deactivation time constants for wild-type and D50N/Y mutant 
hemichanels in the presence of 0.15 mM of extracellular Ca2+, as 
described in A. Parameters z were 0.21 ± 0.1, 0.2 ± 0.04, and 0.19 
± 0.01 for the wild-type, D50N, and D50Y mutants, respectively.
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