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Abstract Patch-clamp experiments in the sarcolemma of

frog skeletal muscle evidenced the presence of three types of

voltage-dependent single-channel K? currents. According

to their unitary conductance at a membrane voltage of

?40 mV, we classified them as 16-, 13-, and 7-pS K?

channels. The 16-pS K? channels are active close to a

membrane voltage of -80 mV and they do not become

inactivated during voltage pulses of 100 ms. Within 10 min

after beginning the recording, these channels developed

rundown with an exponential time course. The 13-pS K?

channels are active near -60 mV; upon a 100-ms depolar-

ization, they exhibited inactivation with an approximate

exponential time course. The 7-pS K? channels were

recorded at voltages positive to 0 mV. In patches containing

all three types of K? channels, the ensemble average cur-

rents resemble the kinetic properties of the macroscopic

delayed rectifier K? currents recorded in skeletal muscle and

other tissues. In conclusion, the biophysical properties of

unitary K? currents suggest that these single-channel K?

currents may underlie the macroscopic delayed K? currents

in frog skeletal muscle fibers. In addition, since the 16- and

13-pS channels were more frequently recorded, both are the

main contributors to the delayed K? currents.

Keywords Potassium channels � Delayed rectifier �
Skeletal muscle � Rundown

Recent single-channel studies and molecular cloning have

demonstrated the coexistence of several functionally dif-

ferent types of voltage-activated K? channels in a variety

of tissues, including axons, skeletal muscle, and neurons

(Hoshi and Aldrich 1988; Llano et al. 1988; Zagotta et al.

1988; Jonas et al. 1989; Martı́nez-Padrón and Ferrús 1997;

Chen and Johnston 2004). Based on single-channel

recording, it has been postulated that the macroscopic

delayed rectifier K? current in squid giant axon represents

the contribution from at least two distinct channel types

(Llano et al. 1988). In addition, at least three different K?

channels contribute to the whole-cell K? currents in Dro-

sophila peptidergic synaptic buttons (Martı́nez-Padrón and

Ferrús 1997). These current types are distinguishable at a

single-channel level based on the voltage range of activa-

tion, inactivation properties, conductance, and other

criteria. On the other hand, in voltage-clamped skeletal

muscle fibers, the macroscopic delayed rectifier K? cur-

rents are also assumed to contain more than one type of K?

channels (Adrian et al. 1970; Duval and Léoty 1980).

Nevertheless, less is known about how many channels

contribute to the macroscopic delayed rectifier currents.

For a deeper insight into potassium conductance through

delayed-rectifier channels in more than one type of chan-

nel, we used the patch-clamp technique, which allows for a

detailed analysis of single-channel currents (Hamill et al.

1981). Therefore, the aim of present study was to charac-

terize some of the single-channel properties of the three

voltage-activated outward K? channels in the sarcolemma

of frog skeletal muscle. Single-channel analyses reveal that

activation, as well as inactivation, of the channels can be

described in terms of Hodgkin-Huxley (1952) kinetics.

These findings led to the proposal that such channels are

involved in the delayed rectifier K? currents from skeletal

muscle. However, the biological significance of these
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different types of channels in the total macroscopic current

remains to be ascertained.

Materials and Methods

The production of spherical vesicles from the sarcolemma

of frog (Rana montezumae) semitendinosus muscles and

the electrophysiological method used in this study were as

described previously (Hamill et al. 1981; Standen et al.

1984; Vázquez 1998). Briefly, we used the patch-clamp

method in the inside-out configuration, following the

design of Hamill et al. (1981). Patch pipettes were made on

a two-stage puller (Narishige model PP-83; Tokyo) from

hard glass capillaries (KIMAX-51; Kimble Glass, Toledo,

OH, USA), and after they were filled with a pipette solution

their resistance was 5–10 MX. Electrodes were coated to

near their tips with Sylgard resin (Down Corning, Midland,

MI, USA) and then fire-polished. In general, sealing

resistances between the pipette tip and the membrane of the

vesicle were C20 GX and remained stable for up to 1 h.

Single-channel currents were recorded using a DAGAN

patch-clamp amplifier (model 8900; Minneapolis, MN,

USA). A steady potential was applied to the inside of the

pipette to set the holding potential. Membrane potentials

are expressed as the inside potential relative to the outside

surface of the membrane, and outward currents are con-

sidered positive.

Solutions

In all experiments, the bath solution contained (mM) 120

KCl, 2 MgCl2, 2 ethyleneglycoltetraacetic acid (EGTA),

and 2 Na2ATP; 4-aminopyridine (4-AP; 5 mM) was

required to block A-type K? channels. The pipette solution

consisted of (mM) 117.5 NaCl, 2.5 KCl, and 2 CaCl2;

tetrodotoxin (TTX, 6 lM) was required to block Na? cur-

rents. The bath and pipette solutions were buffered with 4-

(2-hydroxyethyl)-1-piperazineethanesulphonic acid (5 mM

HEPES), pH 7.2. Experiments were performed at room

temperature (20–24�C).

Data Collection and Analysis

A personal computer-controlled data acquisition and puls-

ing. Currents were amplified to 0.1–0.2 V pA-1, filtered at

2 kHz (low-pass, eight-pole Bessel filter), before being

digitized at 10 kHz (Lab Master; Axon Instruments, In-

verurie UK). Data were obtained in sets of voltage steps of

100-ms duration delivered at regular intervals of 1 s.

Uncorrected linear capacitive and leakage currents were

analogic and digitally subtracted; for digital subtraction,

average blank records were appropriately scaled for the

rest. Because of the presence of several single-channel

current levels in the recording, the maximum likelihood

method was used to estimate the number of channels (N)

in the patch, i.e., those that correspond to the number of

single-channel current level (Patlak and Horn 1982). The

50% threshold detection method was used to detect open

and closed levels (Colquhoun and Sigworth 1995). Cur-

rents were collected and analyzed with pCLAMP software

(Axon Instruments). Groups of data were compared using

paired t-test or one-way ANOVA followed by Student-

Newman-Keuls (SNK) post hoc test (SigmaStat; Jandel

Corp.). A p-value \ 0.05 was considered statistically

significant. Data are expressed as mean ± standard error of

the mean (SEM).

Results

We characterized three distinct types of voltage-activated

K? channels from the skeletal muscle membrane of the

frog. The ionic conditions used in our experiments were

designed to isolate membrane currents through K? chan-

nels. Under this condition, the equilibrium potential for K?

is -87 mV (Standen et al. 1984, 1985); the extrapolated

reversal potential for all three types of K? currents was

more negative than -80 mV. In addition, when the equi-

librium potential for K? was 0 mV, the reversal potential

changed, as expected for a K?-selective channel, and was

not different when the equilibrium potential for Cl- was

changed. Notwithstanding, we analyzed patch recordings

with Cl- solution for all experiments reported here. On the

other hand, Ca-activated K? channels were closed owing to

the virtual absence of Ca2? (Barrett et al. 1982; Marty

1989), since the bath solution was nominally a Ca2?-free

solution. Besides, the ATP-sensitive K? channels were

kept closed by the presence of ATP in the bath solution

(Spruce et al. 1987).

Due to the nonlinear behavior of the current-voltage

(I-V) relationship, the single-channel conductance is

expressed as the chord conductance (c). The designation of

the three voltage-activated K? channels is based on their c
at a voltage membrane of ?40 mV, i.e., the 16-pS K?

channel, 13-pS K? channel, and 7-pS K? channel. The

mean of single-channel conductances of the three K?

channels was statistically different (p \ 0.05) according to

all pairwise comparisons by the parametric one-way

ANOVA test followed the SNK post hoc test.

The 16-pS K? Channel

Single-channel recordings showed a 16-pS K? channel.

This channel is activated at voltages greater than or equal

to -80 mV. The membrane potential was depolarized from
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a holding potential of -100 mV to ?40 mV, in steps of

20 mV, for a period of 100 ms. The 16-pS K? channel

invariably developed rundown, therefore all analyses were

performed before the channel reached rundown. Figure 1

shows records of this type of single-channel K? currents

during voltage steps ranging from -40 to ?40 mV. In

response to depolarizing pulses, the channel exhibited

openings that varied in a stepwise manner with time and

brief latency and typically displayed openings with long

open times during almost the whole depolarization time

(Fig. 1a). Activity of the 16-pS K? channel was measured

in isolation from the other two channels in 59 patches from

a total of 150 patches. The single-channel current levels at

a given membrane potential were obtained from the

amplitude histograms of all data points from 100 records

similar to those shown in Fig. 1a. The current amplitude

histograms for ?40-mV voltage steps fitted well the sum of

two Gaussian distributions (Fig. 1b). The current amplitude

estimated from the fit was 2.54 pA. The single-channel

current taken from the fit of the amplitude histograms was

plotted as a function of voltage (Fig. 1c). The mean of

single-channel currents (n = 10) showed a nonlinear cur-

rent-voltage relationship according to the recognized

feature of the delayed rectifier K? channel (Adrian et al.

1970; Conti and Neher 1980; Rudy 1988; Standen et al.

1985). In addition, just as the delayed rectifier currents, our

records were characterized by the absence of detectable

channel activity at negative potentials near the resting

potential; therefore, the reversal potential was not obtained

directly. The extrapolated reversal potential of the current

is -90 ± 2.3 mV (n = 10), whereas, taking the value for

PNa:PK = 0.01 (Standen et al. 1984, 1985), the equilibrium

potential of K? is -87 mV. Under this ionic condition for

K?, c is 26.1 ± 2, 20.3 ± 1, and 16 ± 0.8 pS (n = 10) at

-40, 0, and ?40 mV, respectively. In order to verify the

ionic selectivity of the channel, the unitary currents were

also recorded in symmetrical solutions of K? (120 mM).

This produced a shift in the current-voltage relationship to

the right (data not shown), with a reversal potential near to

0 mV (n = 8), as would be expected for a channel pre-

dominantly selective to K?. The single-channel activity

showed no inactivation during 100-ms depolarizing pulses

ranging from -80 to ?40 mV (Fig. 1a). Channel openings

with short delay and the absence of inactivation during

voltage steps are reflected in the ensemble average currents

(Fig. 1d, e). The single-channel behavior produces an

Fig. 1 Kinetic properties of 16-pS K? single-channel currents.

a Voltage protocol indicated above. Currents were elicited every

1 s by voltage steps from a holding potential of -100 mV. The

voltage steps indicate the closed state. b Amplitude histogram of all

data points is shown for a ?40-mV step in a. The smooth line is the

sum of two Gaussian fits. c Mean single-channel current amplitude

plotted against voltage step (n = 10); the curve was drawn visually

through the experimental points. d Single-channel ensemble average

currents for ?40 mV (upper trace) and -40 mV (lower trace),

averaged from 100 single sweeps. e First 8 ms of ensemble average

currents for ?40 mV (upper trace), 0 mV (middle trace), and -

40 mV (lower trace). The smooth line represents n4 time-course

activation, where n4 activation was calculated according to Eq. 1.

Same experiment throughout a–e
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ensemble average current that activates very rapidly and is

a truly sustained current. Average current stays in these

current levels during all the depolarization time (Fig. 1d).

These characteristics are consistent with the delayed rec-

tifier K? channel current data (Conti and Neher 1980;

Hoshi and Aldrich 1988; Llano et al. 1988; Martı́nez-

Padrón and Ferrús 1997).

One of the main distinctive features of the delayed

rectifier K? currents is that their time course can be

described according to Hodgkin-Huxley theoretical equa-

tions (Hodgkin and Huxley 1952; Rudy 1988). Figure 1d

shows the ensemble average currents from 100 individual

sweeps, from a holding potential of -100 mV to ?40 mV

(upper trace) and to -40 mV (bottom trace). The points in

Fig. 1e show the first 8 ms of the ensemble average cur-

rents from experiments depicted in Fig. 1a; the smooth line

was calculated by an equation similar to that used by

Hodgkin and Huxley (1952), which approximates to

IðtÞ ¼ Imax 1� exp �t=sa

� �h in

; ð1Þ

with n = 4, where I(t) is the amplitude of the current at

time t, Imax is the maximal amplitude of the current, sa is

the time constant of the activation process. In this example,

sa is 1.062, 0.760, and 0.078 ms at -40, 0, and ?40 mV,

respectively. The results show that ensemble average cur-

rents are well fitted to n4 kinetics.

Upon excision, spontaneous rundown of channel activity

was observed at approximately 8 ± 0.471 min (n = 10)

after the recordings had begun. The rundown was time-

dependent and relatively fast, so that almost-complete

closure of the channels occurred with a time constant of

5.7 min (Fig. 2a). Throughout the rundown, the overall

initial channel activity on patch excision was decreased

dramatically, which is reflected in a diminution in the open

probability to almost-zero unitary activity. As expected, the

unitary current amplitude did not change during the run-

down process. On the other hand, to distinguish between

the rundown process and the slow inactivation (see below),

voltage pulses were applied every 6 s. The time course of

rundown was similar when the intervals between pulses

were either 1 or 6 s (data not shown).

There is evidence that many ion channels show current

rundown, and this loss of activity can be prevented or

reversed by adding MgATP and/or protein kinases

(Duchatelle-Gourdon et al. 1989; Horn and Korn 1992;

Becq 1996; Tang and Hoshi 1999). In our experiments, the

bath solution always contained ATP, either Na2ATP or

MgATP. However, ATP in the range of 2 to 5 mM failed to

prevent single-channel current rundown. We also tested the

effect of the catalytic subunit of protein kinase A (c-PKA)

and alkaline phosphatase in the presence of MgATP. The

addition of these agents involved in phosphorylation/

dephosphorylation processes did not seem to modify the

time course of rundown (data not shown).

Finally, the time course of the rundown did not present

greater changes when the single-channel recordings were

Fig. 2 Open probability as a

function of time. a Rundown of

the 16-pS K? channel. Time

dependence of Po at consecutive

100-ms sweeps at ?40 mV.

Inside-out recordings were

started at time 0. The smooth

line is a single-exponential fit,

with a time constant of 5.7 min.

Each point represents the

mean ± SEM of Po for 1 min.

b, c, d Binomial analysis of the

experiment depicted in Fig. 1.

This patch contained two active

channels. The points represent

the probability of exactly zero

(b), one (c), and two (d)

channels as a function of time.

The smooth line was fitted with

the binomial theorem as

described under results
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performed in vesicle-attached configuration (data not

shown). This suggests clearly that the vesicles were free of

cytoplasmic components, as reported previously (Standen

et al. 1985).

The following analysis was performed to examine the

possibility that the channels behave independently of one

another. The independent behavior of distinct populations

of voltage-activated ion channels has been reported previ-

ously (Horn et al. 1984; Standen et al. 1985; Vázquez

1998). All our single-channel patch recordings had, at least,

two active channels. A binomial analysis was performed

to determine whether the 16-pS K? channel belongs to a

homogeneous and independent population. Figure 2b–d

depict three representative traces in which the number of

simultaneously open channels is two. Considering that the

channels have an independent behavior, the probability Px

of observing x channels open out of a total number N is

represented by the binomial theorem:

PxðtÞ ¼
N

r

 !
� P tð Þx� 1� P tð Þ½ � N�xð Þ ð2Þ

where P(t) is the probability of each channel being open at

a given time. The points in Fig. 2 show the calculated

probability of having exactly zero (Fig. 2b), one (Fig. 2c),

and two (Fig. 2d) open channels, respectively, and the solid

line represents the comparison with the theoretical pre-

diction. There is a great agreement between the

experimental result and the theoretical prediction, which

suggests that the channels behave independently of one

another and comprise a homogeneous population (Horn

et al. 1984; Standen et al. 1985; Spruce et al. 1987; Hoshi

and Aldrich 1988; Vázquez 1998).

Slow inactivation was evidenced by clusters of records

without single-channel activity (blank records) during

repetitive stimulation. The channels underwent this slow

process when depolarizing pulses were applied at constant

intervals of 1 s. Runs analysis was used to confirm that the

slow inactivation does not occur randomly (Swed and Ei-

senhart 1943; Horn et al. 1984; Sigworth and Zhou 1992).

This analysis of the data gave a Z-value of 6.4. This Z-

value indicates that the blank records occurred in a non-

random way. The slow inactivation induced the channels to

be unable to open during seconds. A similar process has

been described previously (Horn et al. 1984; Hoshi and

Aldrich 1988; Martı́nez-Padrón and Ferrús 1997; Vázquez

1998). Slow inactivation was not observed in experiments

with an interpulse interval [5 s (n = 4) (data not shown).

An estimation of the open probability (Po) during volt-

age steps ranging from -40 to ?40 mV showed that the

gating of the 16-pS K? channel is voltage dependent. Po

was calculated by adding the total time the channel spent in

the open state divided by the total time of the record of a

given membrane potential. This method of estimation does

not depend on how channels enter and leave open and

closed states (Fenwick et al. 1982; Spruce et al. 1987).

Thus, when Po was determined, we found that it exhibits an

apparent sigmoidal relationship with the patch membrane

voltage (Table 1 and Fig. 4, open symbols).

Open time distributions could be fitted by the sum of

two exponentials (data not shown). Time constants, fast

and slow components, estimated from this fit are 0.19 ±

0.02 and 2.33 ± 0.036 ms at -40 mV and 0.28 ± 0.04

and 6.67 ± 0.01 ms at ?40 mV (n = 10), respectively.

The time constants increased with depolarization; this

increase was slightly greater for the slower than for the fast

component. The simplest gating mechanism that could

account for the open time distribution of the 16-pS K?

channel is a model with two open states. However, the

corresponding states would be the product of more than

one channel active in the patches (Colquhoun and Hawkes

1995). Moreover, since the channels are identical and are

independent of one another, we can use the algorithm

proposed by Fenwick et al. (1982) to obtain the mean open

time (so) for the 16-pS K? channel. From this algorithm,

the so should be

so ¼
P

jtj

nc
ð3Þ

where jtj is the total time that all channels are open, and nc

is the total number of closing. Based on the average values,

so increases with depolarization (Table 1), and this result is

consistent with the values found by fitting the open-time

histograms.

The 13-pS K? Channel

A separate population of channels could be identified by

their activation near -60 mV and their chord conduc-

tance of 19.33 ± 0.23, 17.1 ± 1, and 12.90 ± 1.30 pS at

-60, 0, and ?40 mV, respectively (n = 10). This chan-

nel was classified as the 13-pS K? channel, according to

its conductance at ?40 mV. In 43 patches of 150, the

depolarization steps evoked this kind of current.

Table 1 Open probability (Po) and open time (so) for the 16-pS K?

channel: voltage dependence of open probability and open time

(mean ± SEM)

Membrane potential (mV) Po so (ms) N

-40 0.11 ± 0.01 1.03 ± 0.12 10

-20 0.16 ± 0.09 1.07 ± 0.14 10

0 0.26 ± 0.07 2.11 ± 0.08 10

?20 0.48 ± 0.11 3.56 ± 0.10 10

?40 0.57 ± 0.13 4.68 ± 0.11 10
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Figure 3a shows single-channel currents at different

membrane potentials. The mean current-voltage relation-

ship from 10 experiments is illustrated in Fig. 3c. The

current-voltage relationship was nonlinear, suggesting

that the 13-pS K? channel rectified at depolarizing volt-

ages, similarly to delayed rectifier currents (Standen et al.

1985). The extrapolated reversal potential was -88 ±

2.8 mV. The next step was to investigate the ionic

selectivity. Thus, the K? ion in the pipette solution was

increased to 120 mM; under this ionic condition, we

found zero current around 0 mV (data not shown). From

these results, it appears that the 13-pS K? channel is

mainly permeable to the K? ion.

This single-channel K? channel gating behavior pro-

duces ensemble average currents that exhibited a fast

activation along a sigmoid time course and then decayed

partially and gradually from their maximum during voltage

depolarization. These pseudomacroscopic K? currents

were obtained from 100 individual recordings from a

multichannel patch. Ensemble average currents reproduced

qualitatively the main features of macroscopic K? currents

in plasma membrane of skeletal muscle (Adrian et al. 1970;

Stanfield 1970; Beam and Donaldson 1983; Hocherman

and Bezanilla 1996). To obtain a quantitative comparison,

we used the Hodgkin-Huxley (1952) kinetic model. The

time course of the currents can be well described by Eq. 1

plus a single-exponential decay term (time constant of

inactivation; sh) (Fig. 3b). However, at ?40 mV, the

decline in the current followed a more complex time

course. Therefore, the sum of at least two exponential

decay terms plus a steady-state term was needed. The

activation time constant (sa) was voltage dependent,

ranging from 1.69 ms at -20 to 0.60 ms at ? 40 mV.

The gradual decline in the K? currents has been

described as a relatively fast inactivation that ranges from a

few milliseconds to several seconds (Adrian et al. 1970;

Duval and Léoty 1980; Standen et al. 1985; Hoshi and

Aldrich 1988; Rudy 1988; Zagotta et al. 1988; Jonas et al.

1989; Hocherman and Bezanilla 1996) (Fig. 3b). The time

course of fast inactivation in the 13-pS channel varied

considerably among the multichannel patches analyzed. At

the membrane voltages shown in Fig. 3b, we found that the

inactivation was independent of the voltage. The first time

constant of inactivation is 29.6 ± 9.4 ms (n = 5), and at

?40 mV the second time constant range is between 80 and

200 ms (n = 10).

Frequently, the 13-pS K? channels developed a process

of slow inactivation during a series of pulses at 1-Hz

stimulation. Indeed, blank sweeps are grouped. Runs

analysis gave a Z-value of 3.86. This value of Z indicates

that the observed clusters in time did not occur randomly. It

has been suggested that slow inactivation would underlie

fast inactivation (Adrian et al. 1970; Stanfield 1970;

Standen et al. 1985). The role of slow inactivation in fast

inactivation was investigated with an interpulse interval of

8 s, since we found that, at this stimulation frequency, the

slow process of inactivation was apparently prevented

(data not shown). Single-channel currents were recorded

over a voltage range of -20 to 40 mV at a holding

potential of -100 mV. Under these conditions, the time

course of fast inactivation is apparently voltage indepen-

dent, and again, varied considerably, following an

exponential course, with the first sh ranging between 17.38

and 52.20 ms (n = 5). Again, the time course of fast

inactivation at ?40 mV is better described by a sum of at

least two exponential terms; the fit of the second sh gave

values of 87 to 244.74 ms (n = 5). There was great

similitude in the time course of fast inactivation obtained

from ensemble average currents when the interpulse

interval was 1 s and when it was 8 s, suggesting that slow

Fig. 3 Single-channel currents through the 13-pS K? channel. a
Examples of outward unitary currents. Channels were active during

voltage steps from a holding potential of -100 mV. b Ensemble

average currents from a patch containing four channels. The number

of sweeps averaged was 100 for all voltage steps. Smooth curves are

best fits of the Hodgkin-Huxley kinetic model to data. c Mean single-

channel current amplitude plotted against voltage step (n = 10); the

curve was drawn visually through the experimental points. Data for a

and b are from the same patch
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inactivation is not involved in the gradual decay of average

currents in this channel, although relatively fast inactiva-

tion might result from a decrease in the open probability

during voltage step. Furthermore, simultaneous openings

were seen almost immediately after depolarization, and

then they decreased with time (Fig. 3a). In these multi-

channel patches, binomial analysis showed that the 13-pS

K? channels have an independent gating behavior and

belong to the same population (data not shown).

It is clear from the results described above that activa-

tion of the 13-pS K? channel is voltage dependent.

However, in an attempt to characterize further the voltage

dependence of the channel’s kinetics, we analyzed the open

probability (Po) and the latency to the first opening as a

function of the voltage membrane (Fig. 4). Po was calcu-

lated from single-channel currents elicited by pulses at 20-

mV intervals from -60 to ?40 mV. Figure 4a (filled

symbols) shows the Po plotted against the voltage mem-

brane. Data points are means and standard error computed

from the same 10 experiments as shown in Fig. 3c. At

these voltages, the Po increases in an almost-linear fashion

(Fig. 4a). Figure 4b, c depict the analysis of the latency to

the first opening. The cumulative first latency histogram

(Fig. 4b) shows that, at depolarizing potentials, the chan-

nels in closed state go faster to the first opening than they

do at hyperpolarizing potentials. The mean first latencies

are 12.57 ± 1.10 ms at -40 mV and 1.43 ± 0.13 ms at

?40 mV (Fig. 4b). The latency to the first opening chan-

ged about ninefold over the potentials explored. The first

latency results of the 13-pS K? channel indicate that the

transitions before the first opening are voltage dependent,

whereas the Po results show their voltage dependence after

the first opening. Figure 4c illustrates a typical histogram

of the latency to the first opening at ?40 mV, in which a

delay and a peak greater than time 0 can be observed. The

delay and the peak decreased with depolarization; this is

consistent with our previous results. There is evidence that

the voltage-gated channels do not open instantly upon

depolarization, but rather must travel between few closed

states before being opened for the first time (Patlak and

Horn 1982; French and Horn 1983; Standen et al. 1985;

Shao and Papazian 1993). To this point, the first-latency

distributions, measured at 0, ?20, and ?40 mV, could be

fitted by a model of three states (Patlak and Horn 1982;

Standen et al. 1985; Vázquez 1998). The fitted curve for

the first-latency distribution at ?40 mV was exponential in

form and had an initial peak, as shown in Fig. 4c. In this

model, the fitting of two exponential components reflects a

series of transitions between two closed states before the

first opening. However, the peak of the fitted curve pre-

cedes that of the experimental data, suggesting the

presence of more than two closed states (Fig. 4c).

The 7-pS K? Channel

We distinguished another single K?-current channel as

depicted in Fig. 5. This channel was characterized by its

conductance of 7 pS at ?40 mV. For that reason, we

designated it the 7-pS K? channel. In response to depo-

larizing pulses C0 mV, the channel activated with a

lengthened delay and a very low open probability

(0.14 ± 0.02 at ?40 mV). The K? channel was detected in

13 of 150 sarcolemma vesicles. Figure 5a shows 30 rep-

resentative recordings of single-channel activity obtained

during a single step at ?40 mV from a -100 mV holding

potential. Under the ionic conditions used, c was

8.11 ± 0.320 and 6.90 ± 0.178 pS (n = 10) at 0 and at

?40 mV, respectively. Ensemble average currents typi-

cally exhibited a great delay in their time course of

activation (Fig. 5b). The runs analysis showed that this

Fig. 4 Voltage dependence of the 13-pS K? channel. a Mean open

probability in 10 different patches versus the voltage pulses. Filled

symbols are mean values of 13-pS K? channels, and open symbols are

mean values of 16-pS K? channels. Asterisks indicate significant

differences (p \ 0.5) as calculated using a paired t-test. b Cumulative

latency-to-first-opening histograms. Mean first latencies were 12.57,

7.81, 3.83, 2.27, and 1.43 at -40, -20, 0, ?20, and ?40 mV,

respectively. c Histogram of distribution of latencies to first opening

at ?40 mV. The smooth curve is the best fit of a three-state model to

the data: (f ðtÞ ¼ R1R2

R1�R2
expð�R2tÞ � expð�R1tÞ½ �). All data are from

the patches illustrated in Fig. 3
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channel developed nonrandom clusters similar to the slow

inactivation process.

In contrast to all inside-out patches analyzed previously,

each of which contained a single class channel, we

obtained 10 patches containing two of the three different

types of K? channels described herein. Although it was

uncommon to observe all three types of K? channels in a

single patch, at least the 16- and 13-pS K? channels were

often recorded in the same patch (Fig. 6a). Figure 6a shows

representative unitary currents at ?40 mV from a -100-

mV holding potential. We did not observe any significant

differences in their conductance when they were observed

alone versus when they were recorded simultaneously.

When the ensemble average currents were reached, the

time course of activation rose along a sigmoid curve until a

maximum, and subsequently, the current declined almost to

a steady state (Fig. 6b), in a very similar way as it does in

skeletal muscle fiber (Adrian et al. 1970; Stanfield 1970;

Beam and Donaldson 1983; Hocherman and Bezanilla

1996). The smooth curve (larger trace in Fig. 6b) was

calculated by an equation similar to Eq. 1, but in order to

obtain the best fit, we used the equation plus an exponential

decay term and a constant term. In the same experiment

and 12 min after the excision, the peak of the ensemble

average current decreased to about 34% of the peak of the

ensemble obtained immediately after excision (smaller

trace in Fig. 6b). Likewise, at the end of the pseudoma-

croscopic current, there was a reduction of about 50%. This

decrease in the amplitude of the average current could

indicate the presence of the rundown process of the 16-pS

K? channel.

The sensitivity of the three voltage-activated K? chan-

nels to external application of tetraethylammonium

chloride (TEA-Cl) was examined. We applied 5 mM TEA-

Cl instead of 5 mM NaCl to the external membrane surface

by adding it to the pipette solution. In the excised patches

(n = 15), the addition of TEA-Cl blocked the unitary

currents. The block of the single-channel K? currents did

Fig. 5 Single-channel activity

of the 7-pS K? channel.

a Consecutive current records

from a holding potential of

-100 mV to ?40 mV; 100-ms

voltage steps indicated by

arrowheads. Note that both

blank and opening-channel

records show the clustering

pattern. The interpulse interval

was 1 s. b Ensemble average

current is the average of 100

individual sweeps
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not seem to be affected by further changes in TEA-Cl

concentrations, we never saw any unitary activity when

2 mM TEA-Cl was in the pipette solution (n = 10).

Therefore, the simplest assumption of the effect of TEA

was a total block of all three K? channels. On the other

hand, the addition of 5 mM 4-AP to the pipette solutions

did not block any of the three distinct K? channels (Adams

et al. 1980; Zagotta et al. 1988; Hille 1992; Weiss et al.

2001; Liu et al. 2008). However, it has been reported that

the delayed rectifier is blocked by intracellular application

of 4-AP (Gu et al. 2001; Tammaro et al. 2004). Therefore,

experiments were conducted to investigate the intracellular

effects of 4-AP on the three voltage-dependent K? chan-

nels. In four more experiments, internal application of

4-AP did not affect the single-channel currents, just like its

external effects (data not shown).

Discussion

The main finding of this study is that there are three types

of voltage-gated K? currents in membrane vesicles from

frog skeletal muscle. All three types of K? currents were

characterized in the inside-out patch-clamp configuration,

under the same ionic conditions and same voltage proto-

cols. We observed that the channels active at a depolarizing

membrane potential displayed the same conductance for

both the cell-attached and the inside-out patch-clamp

configurations. The single-channel K? currents are readily

distinguishable based on the voltage at which they activate,

their open probability, and their single-channel conduc-

tance. The extrapolated reversal potential for these K?

currents, estimated from current-voltage relationships,

indicates that the channels are mainly permeable to K?

(Figs. 1 and 3). In addition, the Hodgkin-Huxley (1952)

kinetic model provides a fair description of the ensemble

average currents of the 16- and 13-pS K? channels;

therefore, we categorized them as members of the delayed

rectifier family (Rudy 1988). Further, our single-channel

currents were blocked by TEA, a K?-channel blocker that

has proved helpful in identifying delayed rectifier K?

channels (Hille 1992). Taken together, these observations

suggest that these three voltage-activated K? channels can

be classified as delayed rectifiers.

Fig. 6 Recording of the 16- and

13-pS K? channels in the same

patch. a Twenty consecutive

single-channel records are

shown from a holding potential

of -100 mV to ?40 mV of

voltage step. Current traces

were recorded immediately after

seal formation, i.e., at 0 min.

Current traces on 3rd, 4th, 6th,

and 10th records depict the 16-

pS K? channel, which typically

showed long duration openings

interrupted by brief closings,

similar to those in Fig. 1. The

second type of single-channel

activity, which is prominent in

the 11th through the 20th

records, corresponds to the 13-

pS K? channel, similar to those

in Fig. 3. b Comparison of the

ensemble average currents at

0 min (higher average current)

and 14 min later (lower average

current). The smooth curve is

the best fit of the data to a

modified Hodgkin-Huxley

model (details are given in the

text). All data are from the same

patch
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Delayed rectifier K? channels in several different

preparations have been characterized as sensitive and

insensitive to 4-AP (Adams et al. 1980; Zagotta et al. 1988;

Hille 1992; Coetzee et al. 1999; Gu et al. 2001; Weiss et al.

2001; Tammaro et al. 2004; Liu et al. 2008). Although the

potassium current blocker, 4-AP, is membrane permeable

and can act on K? channels, either inside or outside; in this

study, none of the K? currents were blocked by intracel-

lular or extracellular 4-AP, as previously reported (Adams

et al. 1980; Zagotta et al. 1988; Hille 1992; Weiss et al.

2001; Liu et al. 2008).

The delayed rectifier K? currents that produce a sus-

tained or a declined outward current have been measured

in several cell types (Hodgkin and Huxley 1952; Hille

1967; Adrian et al. 1970; Stanfield 1970; Beam and

Donaldson 1983; Bezanilla et al. 1986; Llano et al. 1988;

Bernheim et al. 1996; Yeoman and Benjamin 1999; Chen

and Johnston 2004). As already discussed, the time course

of K? currents can be described by the Hodgkin-Huxley

(1952) equations. Thus, the time course of the 16-pS K?

channel activation was quantified by fitting the ensemble

average currents to n4 kinetics (Eq. 1). On the basis of this

analysis, we can conclude that this type of K? channel

produced voltage-dependent and noninactivating K? cur-

rents (Fig. 1), similarly to the macroscopic and single-

channel currents recorded in squid giant axon (Hodgkin

and Huxley 1952; Llano et al. 1988), in myelinated nerve

fibers (Hille 1967; Dubois 1981), and in muscle cells

(Trautmann et al. 1986; Jospin et al. 2002). On the other

hand, our recordings revealed an additional 13-pS K?

channel. Because this outward currents decay relatively

rapidly, we fitted n4 h to the data obtained from ensemble

average currents (Fig. 3). The decaying current reported

here shows that the 13-pS delayed rectifier K? channel

displays inactivation, which has also been observed in

skeletal muscle (Adrian et al. 1970; Stanfield 1970; Duval

and Léoty 1980; Pappone 1980; Beam and Donaldson

1983; Standen et al. 1984; Trautmann et al. 1986; Rudy

1988; Brinkmeier et al. 1991; Hocherman and Bezanilla

1996) and in neurons (Bouskila and Dudek 1995). The

third K? current, the 7-pS K? channel, appears with strong

depolarization from a holding potential of -100 mV. The

ensemble average currents of this channel are character-

ized by a great delay and very slow activation (Fig. 5). The

channel gating is similar to that reported for the potassium

channel in squid giant axon, even though important

differences exist between their conductances (Llano et al.

1988).

The three types of unitary K? channel currents are

readily distinguishable by their different unitary conduc-

tance in asymmetrical KCl ionic conditions. Single-channel

conductance of the 16-pS K? channel is well matched to

single-channel conductance of the delayed rectifier K?

channel recorded in squid giant axon (Llano et al. 1988;

Perozo et al. 1991), in skeletal muscle (Hocherman and

Bezanilla 1996), in neurons (Chen and Johnston 2004), and

in expressed Kv1.2 and Kv3.1a channels (Shahidullah et al.

1995). The single-channel conductance of the 13-pS K?

channel is comparable to the unitary conductance for the

delayed rectifier channels present in cultured microglia

(Schilling et al. 2000), in skeletal muscle (Standen et al.

1985; Brinkmeier et al. 1991), in expressed Kv1.2 and

Kv3.1a channels (Shahidullah et al. 1995), and in cultured

neurons (Rogawski 1986). Finally, the third type of K?

channel has a single-channel conductance of 7 pS. This

conductance matches those of the delayed rectifiers recor-

ded from expressed human delayed rectifier (h-DRK1)

(Benndorf et al. 1994), myelinated nerve fibers (Jonas et al.

1989; Koh and Vogel 1996), expressed vascular smooth

muscle Kv1.5 (Clément-Chomienne et al. 1999), vascular

smooth cells (Karle et al. 1998), and human myoblasts

(Bernheim et al. 1996).

Our results show that single-channel activities could be

observed only after the channel had been activated at

depolarizing voltages (Figs. 1, 3, and 4 and Table 1). In

addition, upon depolarization, all three types of K? chan-

nels became activated at different voltage ranges, and their

open channel durations and open probabilities increased

with voltage (Fig. 4 and Table 1). Therefore, we concluded

that the gating current behavior of the three potassium

channels is voltage dependent. This is in agreement with

single-channel measurements of delayed rectifiers reported

for skeletal muscle (Standen et al. 1985; Hocherman and

Bezanilla 1996), squid axons (Conti and Neher 1980; Llano

et al. 1988), synaptic buttons (Martı́nez-Padrón and Ferrús

1997), and neurons (Chen and Johnston 2004).

Single-channel currents due to the 16-pS K? channel

exhibited rundown in either recording condition, vesicle-

attached and inside-out. Rundown shows properties similar

to those described for delayed rectifier, NMDA, calcium,

and ATP-dependent K? channels (Shao and Papazian

1993; McKillen et al. 1994; Becq 1996; Hocherman and

Bezanilla 1996; Jospin et al. 2002). Our results are in good

agreement with a previous report (Hocherman and Beza-

nilla 1996) concerning the effects of phosphorylating

agents on the rundown process. That is, neither ATP (Na?

and Mg2?), nor c-PKA, nor alkaline phosphatase has pro-

ven helpful in preventing or reverting the rundown of 16-

pS K? single-channel currents. We did not perform sys-

tematic experiments designed to identify the mechanisms

underlying this process. However, it appears that cyto-

skeletal interaction may be involved in the rundown

process, as has been reported previously (Rosenmund and

Westbrook 1993; Nörenberg et al. 1999). Certainly, more

experiments are required to determine the mechanism of

the rundown process.
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Based on our runs analysis, we found that all three

voltage-gated K? channels exhibited a process called slow

inactivation, characterized by a nonrandom gating behavior

pattern. This slow inactivation is comparable to that pre-

viously described in the literature (Horn et al. 1984;

Standen et al. 1985; Martı́nez-Padrón and Ferrús 1997;

Vázquez 1998). We also observed that the channels did not

exhibit slow inactivation (data not shown) at intervals

longer than the time necessary for the channels to go into

and out of the slow process (Horn et al. 1984). However,

ensemble average currents of the 13-pS K? channel dis-

played the N-type inactivation when the slow inactivation

process was prevented. Although we did not systematically

explore the mechanism underlying the distinct inactivation

processes, it might be concluded that the fast and slow

inactivation processes of the 13-pS K? channel occur in an

independent manner. On the other hand, the fact of pre-

venting slow inactivation is not critical for the loss of

activity of the 16-pS K? channel by the rundown process.

In summary, this study reveals that in vesicles from the

sarcolemma of frog skeletal muscle there are three distin-

guishable types of single-channel K? currents. The

biophysical and pharmacological properties led us to con-

clude that the three single-channel currents consist primarily

of delayed rectifier K? currents (Adrian et al. 1970; Stanfield

1970; Standen et al. 1985; Llano et al. 1988; Rudy 1988;

Hille 1992; Hocherman and Bezanilla 1996). Indeed,

delayed rectifier K? channels are important in controlling

the rate of repolarization of the action potential in the

membrane surface of skeletal muscle (Rudy 1988; Hille

1992). Because the 16- and 13-pS K? channels were found

more frequently and the time course of their ensemble

average currents resembles very closely those of macro-

scopic delayed rectifier K? currents (Adrian et al. 1970;

Beam and Donaldson 1983; Hocherman and Bezanilla

1996), we assume that these two channels are the main

contributors to the delayed rectifier K? currents in the sar-

colemma of frog skeletal muscle. In a previous paper, we

described the single-channel properties of A-type K?

channel in the frog skeletal muscle (Vázquez 1998). Here we

obtained evidence that delayed-rectifier outward K? cur-

rents are composed of three components. It is well known

that voltage-gated K? channels underlie firing patterns in

excitable cells (Hille 1992). Therefore, attention should be

given to understanding the role of each one of them in the

cellular excitability of skeletal muscle. Finally, the present

findings open the way for new experimental approaches that

would allow confirmation of this diversity of voltage-gated

K? channels in skeletal muscle cell membrane.
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