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ABSTRACT Single-channel currents of an anion-selective channel in the plasma membrane of cultured rat muscle cells
(myotubes) were recorded with the patch-clamp technique (Hamill, O.P., A. Marty, E. Neher, B. Sakmann, and F.J.
Sigworth, 1981. Pfluegers Arch. Eur. J. Physiol., 391:85-100). The channel is selective for Cl- over cations, and has an
unusually large single-channel conductance of -430 pS in symmetrical 143 mM KCI. The channel is often active at 0
mV, opening and closing spontaneously. When active, steps from 0 mV to either negative or positive membrane
potentials close the channel to an apparent inactivated state. The mean effective time that a channel is open before it
inactivates is -1.19 s for steps to -30 mV and 0.48 s for steps to +30 mV. Returning the membrane potential to 0 mV
results in recovery from inactivation. Calcium ions are not required for channel activity.

INTRODUCTION

Cell membranes contain one or more conductance systems
that control their permeability to Cl- ions (Hodgkin and
Horowicz, 1959; Costantin and Podolsky, 1967; Hutter
and Warner, 1972; Palade and Barchi, 1977; Fukuda,
1975; Grinstein et al. 1982). The properties of some
Cl--selective channels that underlie or contribute to the
Cl- permeability have been studied by incorporating chan-
nels into lipid bilayers. Schein et al. (1976) have reported a
voltage-gated Cl--selective channel from mitochondria
outer membrane (Colombini, 1979) with a conductance of
-500 pS (100 mM KCl); White and Miller (1981) have
described a voltage-gated Cl--selective channel from elec-
troplax with a conductance of 16 pS; and Coronado and
Latorre (1982) have observed a voltage-gated Cl--selec-
tive channel from heart sarcolemma with a conductance of
55 pS. The newly developed patch-clamp technique
(Neher and Sakmann, 1976; Hamill et al., 1981) also
provides a means with which to study single-channel
properties. An added advantage of the patch-clamp tech-
nique is that channels can be studied in their native
membrane environment. In this paper we use the patch-
clamp technique to describe the single-channel properties
of a Cl- channel in the plasma membrane of embryonic rat
skeletal muscle. This channel has a large conductance of
430 pS in 143 mM KCI, is closed by either positive or
negative voltage steps from 0 mV, and does not require
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Ca2" for activity. An abstract of this study has appeared
(Blatz and Magleby, 1983).

METHODS

Single-channel recordings (Hamill et al. 1981) were obtained from
excised patches of plasma membrane from primary cultures of rat skeletal
muscle (myotubes) (Barrett, et al., 1981). Experiments were performed
on both inside-out patches (the normal intracellular surface was exposed
to the bathing solution and the normal extracellular surface was exposed
to the solution in the recording pipette) and on outside-out patches (the
normal extracellular surface was exposed to the bathing solution and the
normal intracellular surface was exposed to the solution in the pipette).
The solution at the normal intracellular membrane surface contained (in
millimolar) 143 KCI, 0.5 N-methyl-D-glucamine2 EGTA, 2 MgCl2, 5
TES (N-Tris[hydroxymethyl]-methyl-2-aminoethane sulphonic acid),
0.42 CaC12 (free [Ca2,], 0.4 pM), pH 7.2. The solution at the normal
extracellular membrane surface was usually identical except no CaC12
was added. In a few specified experiments, the Ca2, was also omitted
from the intracellular solution.
The effect of high concentrations of KCI was examined by adding KCI

to the appropriate solution. Measurements of diffusion potentials asso-
ciated with such solution changes were sufficiently small (<1 mV) that it
was not necessary to correct the measured membrane potentials. To
examine the effects of other ions, KCI was replaced with an isomolar
amount of the new salt. Single-channel currents were recorded on an FM
tape recorder (bandwidth, 0-5 kHz) and displayed on a chart recorder at
reduced speed for analysis. The effective frequency response of the
patch-clamp recording system was reduced to 1 kHz before analysis with
low-pass filtering. Experiments were performed at room temperature,
21-25 "C.
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FIGURE I Single-channel currents recorded from an excised patch of
plasma membrane (inside-out patch) from embryonic rat muscle cell
(myotubes). Membrane potentials are expressed as the potential at the
normal intracellular side minus the potential at the normal extracellular
side. The membrane potential was held at 0 mV and then stepped as
indicated in the schematic voltage traces (upper plot). The resulting
current traces for each voltage step are plotted below. The small decline in
current during the first 10 ms after each voltage step is a capacitive
artifact. Upward-current deflections correspond to outward currents.

RESULTS AND DISCUSSION

Fig. 1 shows single-channel currents recorded from an
inside-out excised patch of membrane. For each record the
membrane potential of the patch was held at 0 mV and
then stepped to and maintained (for several seconds) at the
indicated potentials. Single-channel currents were outward
(upward) for positive potentials and inward (downward)
for negative potentials (143 mM KCI on both sides of the
membrane). At + 32 mV, two channels were open immedi-
ately after the voltage step; one closed after 150 ms and the
other after 230 ms, as indicated by the downward steps in
the current record at these times. Two channels were also
open immediately after the voltage steps in each of the
other records and then closed. Both channels were closed
2.6 s after the step to -21 mV.

Occasionally, channels that were open after a voltage
step from 0 mV would close and then reopen, as shown for
-21 and -32 mV in Fig. 1, but most channels typically
closed within a few seconds after the voltage step and did
not reopen, suggesting that the channels were entering an
inactivated state. Once the channels became inactivated,
returning the membrane potential to 0 mV was found to
remove inactivation with a time constant of -100 ms. A
reduction of channel activity with time after a voltage step

is often associated with voltage-gated channels (Sigworth
and Neher, 1980; Horn et al., 1981). Ca2+ was not required
at either membrane surface for the observed channel
activity.
The current record was considerably noisier when the

channels were open than when closed, and the magnitude
of the noise appeared greater at negative membrane poten-
tials and increased with the number of open channels.
Complete channel closures (or blockade) too brief to be
captured by the limited frequency response of the record-
ing system and/or rapid changes in single-channel conduc-
tance, perhaps due to partial channel closures, could lead
to fluctuations in the open-channel current record. Rapid
transitions between open and closed states of the channel
(Colquhoun and Sakmann, 1981) could also give rise to
flickering of the single-channel currents towards the
closed-channel current level observed in the experimental
records in Fig. 1. If this is the case, then the effective
channel open times observed in these experiments and
plotted in Fig. 2 may represent burst duration (Colquhoun
and Hawkes, 1981; Colquhoun and Sakmann, 1981).
Current steps of less than single-channel unit amplitude
were also occasionally observed, suggestive of possible
reduced conductance states of the channel. Increased
open-channel current noise has been observed previously in
Ca-activated K+ channels (Pallotta et al., 1981) and
acetylcholine-activated channels (Sigworth, 1982).

Channels typically stayed open longer before entering
the inactivated state after steps to negative membrane
potentials rather than to positive potentials. This is shown
in Fig. 2, which presents semilogarithmic plots of cumula-
tive distribution of effective channel open times. The
effective mean open time after stepping the membrane
potential from 0 to + 30 mV was 0.48 s, whereas the
effective mean open time after steps from 0 to -30 mV
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FIGURE 2 Semilogarithmic plots of cumulative effective channel open-
time distributions obtained after stepping the membrane potential from 0
to + 30 mV or -30 mV. The ordinate is the percentage of openings
having a duration of the indicated time or longer. The lines, which are
least-squares fits to the data, decay with time constants of 1.19 s at -30
mV and 0.48 s at +30 mV. Results are from 217 openings at -30 mV
and 290 openings at +30 mV.
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was 1.19 s, almost 2.5 times longer. Effective channel open
times were exponentially distributed as indicated by the
straight lines in Fig. 2. This observation is consistent with
channel closing being a random, memoryless process
(Magleby and Stevens, 1972).
The conductance of the channels in Fig. 1 was deter-

mined from a plot of single-channel current amplitude
against membrane potential. The data are plotted in Fig.
3 A as open symbols. The reversal potential is 0 mV, as
would be expected for symmetrical solutions. The dashed
line indicates a slope of 450 pS. Data from a similar
experiment from a different patch are plotted in Fig. 3 B
where the conductance was 390 pS. The conductance of
single channels in eight patches bathed on both sides of the
membrane with 143 mM KCI was 430 + 15 pS (mean +

SEM).
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The conductance of this channel is more than twice that
of the Ca-activated K channel (Pallotta et al. 1981) and
about an order of magnitude greater than the conductance
of voltage-sensitive K+ and Na+ channels (Conti and
Neher, 1980; Sigworth and Neher, 1980), the acetylcho-
line-activated channel (Hamill et al., 1981), and the
Cl--permeable channels in electroplax (White and Miller,
1981) and heart sarcolemma (Coronado and Latorre,
1982). The conductance is similar to that of a Cl--selective
channel in outer mitochondrial membrane (Schein et al.,
1976; Colombini, 1979). The large conductance and char-
acteristic kinetics shown in Fig. 1 (staircase decrease in
current following steps to positive or negative potentials)
provided a rapid means with which to differentiate this
channel from other channels in rat muscle plasma mem-
brane.

While channels of the type shown in Fig. 1 were
observed in less than 5-10% of membrane patches exam-
ined, patches with this channel typically contained two to
three such channels, with the number ranging from 1 to 6.
These observations are consistent with two possibilities: the
channels typically exist in clusters at low density, or the
channels are typically at a mean density of -3 per mem-
brane patch, but are normally in a nonfunctional state.

Unlike the Ca-activated K+ channel (Barrett et al.,
1982), the number of functional channels of the type
shown in Fig. 1 in any particular membrane patch could
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FIGURE 3 Plots of single-channel current amplitude against membrane
potential obtained from experiments like those shown in Figs. 1 and 4.
The open circles (0) plot current amplitudes with 143 mM KCI on both
sides of the membrane for two different membrane patches, A and B. The
filled symbols (, *) were obtained after increasing the concentration of
KCI at the normal intracellular membrane surface to 400 mM in A and
600mM in B. Returning the concentration of KCI at the inner membrane
surface to 143 mM reversed the effect, giving the results plotted as open
triangles (A). Changing the solution back to 600 mM KCI in B gave the
results plotted as filled circles (e).

FIGURE 4 Single-channel currents recorded from an excised membrane
patch with 143 mM KCI at the normal extracellular surface and 400mM
KCI at the normal intracellular surface. The membrane potential was
held at 0 mV and then stepped to + 14 or +21 mV as indicated in the
voltage diagram (upper plot). The resulting current traces for each
voltage step are plotted below. The channel was open (0) before and
immediately after the steps and closed (c) shortly thereafter. The bottom
current record was obtained while holding the membrane potential at 0
mV; the channel opened and closed spontaneously at this potential.
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change during the course of an experiment. The appear-
ance of such channels was often associated with holding
potentials greater than +60 mV or with the exposure of
the inner membrane surface to 143-mM concentrations of
cations such as Na+, NH4', and N-methyl glucamine,
although such conditions were not necessary to observe
such channels. The observation that the channel sometimes
appeared and disappeared during an experiment suggests
that the overall functional state may be modulated by
some, as yet, unknown factor. Once the channel is in the
functional state, its activity would then be controlled by
membrane potential.
To determine whether K+ or Cl- carried the current

through the channel, we increased the concentration of
KCI at the intracellular membrane surface from 143 to
400 mM while maintaining the concentration at the extra-
cellular membrane surface at 143 mM. As shown by the
current records in Fig. 4, single-channel currents no longer
reversed at 0 mV as in Fig. 1, but were clearly inward at
this potential and reversed between +14 and + 21 mV.
The single-channel current amplitudes under these condi-
tions are plotted as filled squares in Fig. 3 A. The continu-
ous line through the squares indicates a reversal potential
of + 18 mV and a single-channel conductance of 630 pS.
Increasing the concentration of KCI at the intracellular
membrane surface to 600 mM KCI while maintaining the
concentration at the extracellular surface at 143 mM gave
a reversal potential of + 32 mV, as indicated by the
continuous line through the filled symbols in Fig. 3 B.
The positive shift in the reversal potential as the concen-

tration of KCI at the intracellular membrane surface was
increased, suggests that the channel is selective for Cl-
over K+. The observation that these shifts approach those
calculated on the basis of the Nernst potential for a
membrane exclusively permeable to Cl-, taking into
account the activity coefficients of the ions, indicates that
the channel is highly selective for Cl- over K+. Consistent
with a channel selective for Cl- over cations, replacing
internal KCI with equimolar amounts of NaCl, NH4Cl, or
tetraethylammonium chloride had no appreciable effect on
single-channel conductance or reversal potential. The addi-
tion of 1 mM 4-aminopyridine to the internal solution also
had little effect on single-channel conductance or reversal
potential.

In experiments like the one in Fig. 4 in which single-
channel currents could be recorded at 0 mV because of the
asymmetrical KCI solutions across the membrane, it was
observed that the channel often opened and closed sponta-
neously at 0 mV. Stepping to positive potentials from 0 mV
in this experiment resulted in channel closure and inactiva-
tion, similar to Fig. 1. The kinetics of channel opening with
voltage steps appeared complex. In a few experiments, it
was observed that stepping to negative potentials of -60
mV when the channels were closed at 0 mV led to channel
opening within less than a few milliseconds in an occasional
trial. Closed channels could also be opened in -1 out of 10

trials by stepping from -60 to + 10- mV for a few
milliseconds and then back to -60 mV. Once the channels
opened in these experiments, they then closed within a few
seconds to an apparent inactive state, consistent with the
kinetics in Figs. 1 and 4. If these channels have similar
kinetics in the intact cell, then they could contribute to the
repolarization following an action potential.
The specific cellular function of the Cl--selective chan-

nel described in this report is not yet clear, but there are a
number of possibilities to consider. (a) Muscle cells of
adult frogs (Hodgkin and Horowicz, 1959; Hutter and
Warner, 1972) and rats (Palade and Barchi, 1977) possess
large Cl- conductances at steady membrane potentials
near the resting potential. The Cl--permeable channel we
describe was typically inactive at such steady membrane
potentials, but we cannot exclude that it may contribute to
this conductance in intact cells because we used excised
membrane patches for our experiments. (b) Fukuda
(1975) has described a Cl- spike in cultured chick muscle
cells, but the data are not sufficient to determine whether
the channel we describe may give rise to this response. (c)
Mitochondria outer membranes contain anion-selective
channels with conductance and voltage-dependent gating
kinetics, similar to the channel we describe (Schein et al.,
1976; Colombini, 1979). It is not known, however, whether
similar channels might also be found in plasma membranes
of embryonic rat muscle. (d) It is also not known whether
the Cl- channels that can affect muscle contraction (Cos-
tantin and Podolski, 1967) are found in the plasma mem-
brane of embryonic muscle cells. (e) Changes in anion
conductance are associated with regulation of cell volume
(Grinstein et al., 1982), but more data will be needed to
determine if the channel we describe is involved in this
regulation. (f) Embryonic muscle cells can form cell-
to-cell junctional channels (Rash and Fambrough, 1973),
and the kinetic properties of junctional channels (am-
phibian blastomeres, Spray et al., 1981) appear somewhat
similar to those of the channel we describe. Such junctional
channels would also be expected to have a large conduc-
tance (Loewenstein, 1981). It is not known, however,
whether half of a junctional channel, as might be found in
an excised patch of membrane, could be active under the
conditions of our experiment. (g) Finally, the channel may
perform a function not yet identified, as the high resolution
of the patch-clamp technique allows the study of channels
that might be obscured when studying whole cell prepara-
tions.
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