
Dihydropyridine (DHP) receptors in skeletal muscle sense

membrane voltage for the control of calcium release from the

sarcoplasmic reticulum (SR) (Rios & Brum, 1987). In

addition they permit an extremely slow calcium inward

current (L_type current) whose physiological role is still

unclear (for a review see Melzer et al. 1995). L_type current
characteristics have been extensively studied in adult

amphibian and mammalian skeletal muscle (for references

see Delbono, 1992; Feldmeyer et al. 1990, 1992, 1995;

Garcia et al. 1992; Francini et al. 1996). On the other hand,
important data on structure—function relationships of the

channel have been obtained by heterologous expression of

recombinant DHP receptors in cultured immature muscle

cells (myotubes) (Tanabe et al. 1988; Garcia et al. 1994).

The functions and their structural determinants studied

most thoroughly in this preparation concerned activation

kinetics and involvement in excitation—contraction (EC)

coupling (e.g. Tanabe et al. 1990, 1991). The molecular

basis of inactivation which L_type channels exhibit at

maintained depolarization has been investigated using the

cardiac isoform of the DHP receptor by expression of

recombinant DNA mainly in non-muscle cells. The cardiac

L_type channel shows a pronounced Ca¥-dependent

inactivation in addition to a slower voltage-dependent

decline. Determinants for Ca¥-dependent inactivation have

been assigned to the C-terminal region (Babitch, 1990;

Imredy & Yue, 1994; de Leon et al. 1995; Z�uhlke & Reuter,

1998) with possible involvement of the cytoplasmic loops

I—II and II—III (Adams & Tanabe, 1997) and for voltage-

dependent inactivation to transmembrane segment S6 of

repeat I (Zhang et al. 1994). Skeletal muscle L_type

channels seem to possess exclusively voltage-dependent

inactivation. The structural basis of this mechanism and its

physiological role are still unknown. It may be of

importance in modulating the efficacy of internal calcium

release. The slow voltage-dependent inactivation resembles

the slow inactivation (C_type) found in potassium and

sodium channels rather than the more rapid chain and ball

mechanism (N_type) of these channels (Hoshi et al. 1991;
Featherstone et al. 1996; Liu et al. 1996; Kontis & Goldin,

1997). The characteristics of this type of inactivation have

not yet been fully determined in any skeletal muscle
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1. Inactivation and recovery kinetics of L_type calcium currents were measured in myotubes

derived from satellite cells of human skeletal muscle using the whole cell patch clamp

technique.

2. The time course of inactivation at potentials above the activation threshold was obtained

from the decay of the current during 15 s depolarizing pulses. At subthreshold potentials,

prepulses of different durations, followed by +20 mV test pulses, were used. The time course

could be well described by single exponential functions of time. The time constant decreased

from 17·8 ± 7·5 s at −30 mV to 1·78 ± 0·15 s at +50 mV.

3. Restoration from inactivation caused by 15 s depolarization to +20 mV was slowed by

depolarization in the restoration interval. The time constant increased from 1·11 ± 0·17 s at

−90 mV to 7·57 ± 2·54 s at −10 mV.

4. Restoration showed different kinetics depending on the duration of the conditioning

depolarization. While the time constant was similar at restoration potentials of −90 and

−50 mV after a 1 s conditioning prepulse, it increased with increasing prepulse duration at

−50 mV and decreased at −90 mV.

5. The experiments showed that the rates of inactivation and restoration of the L_type calcium

current in human myotubes were not identical when observed at the same potential. The

results indicate the presence of more than one inactivated state and point to different

voltage-dependent pathways for inactivation and restoration.
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preparation and particularly little information is available

from human preparations which have recently attracted

attention due to the discovery of L_type Ca¥ channel-

related diseases (Jurkat-Rott et al. 1994; Ptacek et al. 1994;
Monnier et al. 1997). A few studies describe voltage-

dependent activation and inactivation in human muscle cells

(Rivet et al. 1990, 1992; Garcia et al. 1992; Sipos et al.
1995; Lehmann-Horn et al. 1995; Jurkat-Rott et al. 1998)
but no data are available on the dynamics of the transition

to and the recovery from the inactive state(s). The purpose

of the present investigation was to characterize these

processes in cultured myocytes. We measured the kinetics

of inactivation and its restoration by applying the tight seal

whole cell voltage clamp technique to myotubes derived

from human skeletal muscle.

METHODS

Cell culture

Human satellite cells enzymatically isolated from muscle tissue

waste of orthopaedic surgery were used for our experiments in

accordance with the regulations of the local ethics commissions.

Myotubes were cultured as previously described (Sipos et al. 1995,
1997). The medium used for proliferation of the cells was a mixture

(1:1) of Ham’s F-12 and CMRL-1066 (Gibco) with 5% fetal calf

serum (FCS) and 5% horse serum (HS) (both from Gibco). The

cultures were kept in a 5% COµ atmosphere. After 1—2 days of

division the serum content of the culture medium was reduced to

2% of FCS and 2% HS to induce myoblast fusion and

differentiation.

Voltage clamp

Experiments were carried out between days 6 and 12 after

changing to the differentiation medium. For whole cell patch

clamping, an Axopatch 200A amplifier (Axon Instruments) was

used. Data acquisition was carried out with a TL1 interface in

conjunction with an IBM AT386-compatible microcomputer and

pCLAMP 6.0.1 software (Axon Instruments). Suction pipettes were

made of borosilicate glass capillaries (GB200-8P or GB150-8P,

Science Products, Hofheim, Germany) and had resistances of

1·5—2 MÙ when filled with artificial internal solution. Series

resistance and linear capacitive current were partially compensated.

The holding potential was −90 mV. Experiments were carried out

at room temperature (22—24°C).

Experimental solutions

The composition of the external solution was (mÒ): 120 TEACl, 10

CaClµ, 1 MgClµ, 10 Hepes, 5 glucose (pH set to 7·4 using TEAOH).

The composition of the pipette solution was (mÒ): 130 CsCl, 0·5

MgClµ, 1 EGTA, 10 Hepes, 5 MgATP, 5 creatine phosphate (pH set

to 7·2 using CsOH). All chemical material was obtained from Sigma.

Data analysis

Passive electrical parameters of the cells were determined with

5 mV pulses (100 ms) at the holding potential. The linear capacitance

of the cells averaged 184 ± 95 pF. The current records were leak

corrected assuming a non-selective linear resistive leak.

Peak current—voltage relations were described by:

ICa = F(V)Gmax(V − VCa), (1)

where F is a gating variable to describe fractional activation, Gmax

is conductance of the fully activated system, V is membrane

potential and VCa is reversal potential of the calcium channels.

Fractional activation and inactivation were described by Boltzmann

functions:

F(V) = 1Ï(1 + exp((V½ − V)Ïk)), (2)

where V½ is voltage for F = 0·5 and k is the steepness parameter

(positive for activation, negative for inactivation).

Theoretical curves were fitted to measured data using a non-linear

least squares algorithm (NFIT, University of Texas, Galveston,

TX, USA). Data of individual experiments were fitted separately.

The best fit parameter values obtained from different experiments

were averaged and used for constructing the fit curves in

figures containing averaged data. Data are presented as means and

standard deviations. Differences between averaged data were

evaluated by Student’s t test and were considered to be significant

if P û 0·05.

RESULTS

Activation and inactivation

To study the voltage dependence of inactivation and its

dynamics, we used the experimental protocol shown in

Fig. 1A (top trace). Depolarizations lasting 15 s to different

potentials between −80 and +30 mV were followed by a

short (200 ms) repolarization to the holding potential of

−90 mV and a subsequent pulse to +20 mV which tested the

remaining availability of channels for activation. Example

traces are shown for three different prepulse potentials (−30,

0, and +30 mV). After 15 s of depolarization the decline had

generally reached a steady level close to zero. In ca 20% of

the investigated cells, a steady inward current remained at

the end of the 15 s prepulse (see for instance Fig. 5A).

The fractional inactivation obtained after 15 s of

depolarization is plotted in Fig. 1C (open symbols) as a

function of prepulse voltage. The fitted curve shows a

Boltzmann relation calculated by using the parameter

values V½ = −3·8 mV and k = −9·7 mV. Figure 1B shows

the average peak current—voltage relation obtained from

measurements with different depolarizating pulses and the

best fit to the data using eqns (1) and (2) (continuous line).

The filled circles in Fig. 1C show the averaged voltage

dependence of conductance activation at a holding potential

of −90 mV obtained from Fig. 1B. The mean Boltzmann

parameter values used for constructing the activation curve

were V½ = 18·1 mV and k = 6·4 mV. As can be seen, there

is relatively little overlap between the activation and

inactivation curves, and hence, on average, only a small

window current can be expected around +10 mV in the

steady state.

Time course of inactivation

The time course of inactivation of the current during the

prepulses was quantified by fitting the decline with a single

exponential function plus constant (see dashed lines

superimposed on the records in Fig. 1A). Those cases which
could not be fitted by a single exponential showed

indications of an outward current at strong depolarizations

and were omitted from the kinetic analysis. The resulting

time constants are plotted versus the corresponding

Cs. Harasztosi, I. Sipos, L. Kovacs and W. Melzer J. Physiol. 516.1130



membrane potential in Fig. 3 (filled symbols). The time

constants varied only slightly in the investigated voltage

range, showing values of 1·97 ± 0·09 s at +10 mV and

1·78 ± 0·15 s at +50 mV.

In a second series of experiments, we also determined the

time course of inactivation at more negative potentials

where the current is not measurable or hardly measurable

due to small fractional conductance activation (see Fig. 1B
and C). For each potential, the duration of the prepulse was
increased (Fig. 2A, top trace) to achieve increasing degrees

of inactivation which were subsequently tested with a

depolarization to +20 mV, i.e. at a potential where the

current amplitude is large according to Fig. 1B.

In Fig. 2 both procedures to determine the time course of

inactivation are compared at the potential of +20 mV.

Figure 2A shows two measurements with prepulse

durations of 2 and 15 s. The current amplitude at the test

pulse normalized by the peak current amplitude in the

absence of a prepulse is plotted versus prepulse duration in

Fig. 2C (open symbols). The values are compared with the

corresponding normalized current values (filled circles) of

the declining phase during a long pulse to the same

potential (+20 mV; Fig. 2B). The two curves differ due to

restoration in the repolarization interval. A repolarization

interval was applied to provide a baseline for the test current

and to minimize possible interference from tail currents and

any outward current with slow activation and rapid

deactivation. After correction for restoration (using the time

course shown in Fig. 6) the values obtained with the double

pulse protocol are close to the values determined from the

declining phase (open triangles). Even without the correction

the difference is relatively small and the inactivation time

constants determined with the two methods were similar

(the ô values at +20 mV were 2·91 and 2·03 s with and

without prepulse protocol, respectively).
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Figure 1. Comparison of inactivation and activation

A, prepulses (here −30, 0 and 30 mV) of 15 s duration were used to inactivate the current. The degree of

inactivation was determined by applying a second pulse (test pulse) to +20 mV after a 200 ms

repolarization interval. The waiting interval to the beginning of the next prepulse was 60 s. B, current—
voltage relation constructed from average peak inward currents. C, normalized inward current amplitude at
the test pulse plotted as a function of the prepulse potential (1). The values obtained at −80 and +30 mV

represent 1 and 0, respectively. Averaged data from 9 experiments like the one shown in A. 0, voltage
dependence of activation of inward current conductance determined from the peak current—voltage relations

of B. Each experimental set of data was fitted individually by the appropriate functions as described in

Methods. The continuous Boltzmann activation and inactivation curves were constructed by using the mean

values of the parameters V½ and k. For inactivation, the values were V½ = −3·8 ± 5·2 mV and k = −9·7 ±

1·4 mV (n = 9); for activation V½ = 18·1 ± 2·3 mV, k = 6·4 ± 1·5 mV, Gmax = 42·8 ± 7·4 pS pF¢ and

VCa = 71·0 ± 8·9 mV (see eqn (1), n = 15).



The values obtained for the inactivation time constants with

the two measurement protocols of Figs 1 and 2 are plotted

versus membrane voltage in Fig. 3 (filled circles and open

squares, respectively). Between −30 and 0 mV, the time

course of inactivation was studied with prepulses of up to

60 s duration. The slow rates determined in this potential

range show that 15 s prepulses as used in Fig. 1 are not

sufficient to obtain a true steady state. Much longer

depolarizations, not feasible for routine applications, would

be necessary. For alternative estimates of the steady state

values of inactivation we took the final values of the

exponential fits used for determining the time constants at

subthreshold potentials in Fig. 3. At −30, −10 and 0 mV

the values for fractional inactivation obtained in this way

were 0·59 ± 0·21, 0·33 ± 0·15 and 0·23 ± 0·18, respectively,

compared with 0·93 ± 0·08, 0·80 ± 0·10 and 0·42 ± 0·14,

respectively, obtained with the protocol of Fig. 1A.

Despite the relatively large scattering at the lower

depolarizations, the plot in Fig. 3 shows that inactivation

kinetics are voltage dependent and are considerably sped up

at potentials above −10 mV, i.e. above the threshold of

calcium conductance activation (see Fig. 1C). We considered

the possibility that the time course of inactivation has a

calcium influx-dependent component. Therefore, we looked

at the time course of the test pulse current records (Fig. 1A)
used for determining the fractional inactivation. For the

various prepulse potentials, the peak amplitude of the test

pulse current density varies considerably in a single

experiment (Fig. 1C). Thus, one might expect a more rapid
decline for the larger currents if calcium-dependent

inactivation (and cross-talk between channels) were present.

Figure 4 shows that this was not the case. Figure 4A
displays superimposed test current records for prepulse

potentials between −80 and +10 mV. The sequence covers a

5-fold range of current amplitudes scaled to the same peak

and shows negligible differences in the time course. The rate

of decline was determined for each record by fitting a line

from 50 to 200 ms after the peak. The data in Fig. 4B show
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Figure 2. Inactivation kinetics determined with prepulses of increasing duration

A, top trace, general pulse protocol used. Inactivation was produced by depolarizing prepulses of durations

0·3, 2, 5, 10 and 15 s. The degree of inactivation was checked by applying a 330 ms repolarization and a

second (test) depolarization. The two traces show example records for two different prepulses (2 and 15 s) at

+20 mV. B and C, the time course of channel inactivation at +20 mV derived from the current decline (0;

n = 6) was compared with inactivation determined with the prepulse protocol shown in A (1; n = 6). At

two durations (5 and 15 s; 9), a correction was also made for the degree of repriming within the

repolarization interval, assuming single exponential restoration and the time constant of 1·1 s obtained

from the experiments shown in Fig. 6.



the dependence of this rate on the relative peak current

amplitude. No systematic current dependence of inactivation

could be seen.

Time course of restoration

In further experiments we studied the recovery from

inactivation (repriming). To determine the time course of

repriming, a test pulse (+20 mV, 500 ms) was applied at

different times after termination of a 15 s predepolarization

to +20 mV. Figure 5A shows a sequence of 10 measurements

with pulse intervals ranging from 300 ms to 14 s. The

waiting interval between the short test pulse and the next

long prepulse was 90 s. Figure 5B shows the current

response at each of the 10 test pulses superimposed and

scaled to the same peak. Like Fig. 4, it demonstrates that

partial inactivation reduces the amplitude but does not

change the shape of the current activated by the test pulse.

Inactivation mechanisms which interfere with the time

course of gating can therefore be ruled out.

Further experiments were carried out in order to determine

how the speed of recovery from inactivation depends on

membrane voltage. The voltage dependence of restoration

was studied by varying the membrane potential in the

interval between prepulse and test pulse.

The results of these experiments are summarized in Fig. 6.

The amplitudes of the currents activated by the test pulses

were normalized by the prepulse current and are plotted

versus restoration time. For potentials between −90 and

−50 mV, restoration was followed for up to 14 s at which

time more than 80% of the signal had recovered. Recovery

was considerably delayed at less negative potentials. At

potentials between −30 and 0 mV, restoration was slower

and remained incomplete even though longer intervals (up

to 30 s) were used.

The time course of restoration could be well fitted (continuous

lines in Fig. 6) by single exponentials of the form:

ItestÏIcontrol = Aend + (Aï − Aend)exp(−tÏô). (3)
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Figure 3. Averaged time constants of inactivation

0, kinetics derived from single exponential fits to the slow inward

current decline as a function of prepulse voltage (n = 6). At 0 mV,

currents are normally very small (see Fig. 1B) and therefore
inactivation kinetics not well resolvable. The bracketed data point is

the mean of two experiments in which a fit could be carried out.

±, inactivation kinetics at mostly subthreshold potentials determined

by prepulses of increasing duration. The procedure was identical to

the one demonstated in Fig. 2A for the potential of +20 mV. Results

of 3 (−30 mV), 1 (−20 mV), 6 (−10 mV), 7 (0 mV) and 6 (+20 mV)

experiments.

Figure 4. No current dependence of inactivation kinetics

A, test pulse responses for prepulses (not shown) of different amplitude as in Fig. 1. The currents are scaled
to the same amplitude and the rate of decay was determined by fitting straight lines in the time interval

between 50 and 200 ms after the peak. B, the decay rate (normalized to the value obtained at the control

without prepulse) as a function of the normalized current amplitudes (n = 7). Data from the cell in A are

indicated by open squares.



Using two exponentials did not improve the fit. The

averaged time constants obtained at each restoration

membrane potential are plotted in Fig. 7A. While recovery

at −90 mV occurred with a time constant of 1·11 ± 0·17 s,

the estimated time constant at −10 mV is about 7 times

larger (7·57 ± 2·54 s). One measurement could be done at

0 mV, the threshold of current activation. It showed an even

larger time constant (15·8 s). Thus, L_type current repriming

is strongly affected by membrane voltage.

In Fig. 7B, the end values (Aend) from the fit (eqn (3)) are

plotted versus membrane potential (filled circles). The

dotted line shows a Boltzmann fit to the data which yielded

half-maximal restoration at −17 mV and a slope factor of

−9·2 mV. These quasi-steady state restoration data are

compared with the average inactivation curve of Fig. 1C
(continuous line), which was corrected for restoration in the

200 ms repolarization interval. It can be seen that the two

curves are relatively close to each other but do not

superimpose. The difference is likely to have resulted from

the fact that a 15 s pulse is not sufficient for steady state

inactivation due to the slow kinetics at the subthreshold

potentials. In addition, a very slow second phase of

restoration which contributes little to the time course within

the observation time (14 to 30 s) shown in Fig. 6 cannot be

ruled out.

Fast and slow steps of inactivation have been identified in

voltage-dependent potassium and sodium channels (for

references see Hoshi et al. 1991; Featherstone et al. 1996;
Kiss & Korn, 1998). Different stages of inactivation have

also been described for the L_type channel in vascular

smooth muscle by Nilius et al. (1994); these authors showed
that progressive inactivation led to a slowing of restoration.

To see if the degree of inactivation has an influence on the

time course of recovery, we interrupted inactivation at

different times of depolarization and measured the temporal

development of recovery in the same way as before.

Figure 8 shows examples demonstrating this procedure.

Figure 8A is from an experiment in which 1 s prepulses

were applied. Each was followed at different times by a

500 ms test pulse. In Fig. 8B, 5 s prepulses were used

causing considerably stronger inactivation.

The results obtained with this type of protocol are shown in

Fig. 8C—E. Each panel represents a different prepulse length
and therefore different degrees of inactivation. In Fig. 8C, a
prepulse only 1 s long was applied which led to about 20%

inactivation. In Fig. 8D and E, 5 and 15 s prepulses were
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Figure 5. Restoration from inactivation

A, inactivation was produced by depolarizing pulses to +20 mV of 15 s duration. The degree of recovery

was determined by applying 500 ms test pulses to +20 mV at variable distance from the end of the

prepulse. The time between the end of the test pulse and the beginning of the next prepulse was 90 s. The

example shows an experiment at a restoration potential of −90 mV. B, superimposed and scaled test pulse

responses of the restoration experiment shown in A.

Figure 6. Time course of restoration from inactivation

Fractional restoration from a 15 s depolarization to +20 mV

determined with the procedure shown in Fig. 5 at 7 different

membrane potentials (mV): −90, þ (n = 4); −80, 1 (n = 3);

−70, 0 (n = 4); −50, ± (n = 4); −30, 8 (n = 2); −10, 2

(n = 5); 0, 6 (n = 1). The time course of restoration was

fitted with single exponential functions plus constant.



applied, respectively, which caused more complete

inactivation. The filled symbols represent restoration at

−90 mV while the open symbols show the time course of

restoration at −50 mV. It can be seen that the restoration

speed at the two potentials was similar after the shortest

prepulse while it became different after the longer

inactivating pulses. The time constants of restoration

obtained from the single exponential fits (continuous lines) for

the 1, 5 and 15 s prepulses are, respectively, 3·60 ± 1·55 s,

1·24 ± 0·31 s and 1·11 ± 0·17 s at −90 mV and 2·68 ±

0·93 s, 3·18 ± 0·74 s and 4·49 ± 0·88 s at −50 mV. Thus

restoration speed does in fact change with the length of the

inactivating prepulse, which may be considered as evidence

that different sets of inactivated states are occupied after

short inactivation than after longer, more complete

inactivation.

DISCUSSION

The goal of this study was to quantify the time course and

its voltage dependence of inactivation and restoration of the

L_type calcium channel in cultured human myocytes. The

kinetics of inactivation could be described by mono-

exponential functions with a voltage-dependent time

constant which was less than 2 s at voltages above +10 mV

but considerably larger in the voltage range between −30

and 0 mV. The increase in the rate of inactivation was

correlated with the activation of the L_type current. Heart

and smooth muscle cells exhibit a calcium current-

dependent component of inactivation caused by the rise of

calcium concentration at the cytoplasmic side of the channel

(for references see McDonald et al. 1994). In contrast to the

cardiac L_type channel, Ca¥ current passed by the

heterologously expressed skeletal muscle isoform did not show

a U-shaped dependence of the inactivation time constant on

voltage (Gonzalez et al. 1995). In addition, substituting Ba¥
for Ca¥ caused relatively minor kinetic changes of the

current in primary cultured skeletal myocytes, although the

contribution of a Ca¥-dependent component to the slow

decline could not be ruled out (Cognard et al. 1986; Beam &

Knudson, 1988; Rivet et al. 1990). In frog skeletal muscle

fibres, Almers et al. (1981) identified a decline of the current
which was correlated with its size even under conditions of

very strong internal calcium buffering. It was attributed to

Ca¥ depletion of the T-tubules. Since T-tubular DHP

receptors have been demonstrated in myotubes (Romey et
al. 1989; Flucher et al. 1994) one might expect a similar

effect in this preparation. In a detailed study of frog fibres,

Francini et al. (1992) found a minimum of the time constant

of inactivation which roughly coincided with the inward

current maximum pointing to a link between current

activation and inactivation. For various reasons the authors

excluded a current-mediated process. Instead, they explained

their observation with a gating scheme containing merely

voltage-dependent rate constants. Here, we found no voltage

exhibiting a local minimum of the inactivation time constant

as reported by Francini et al. (1992) and neither the degree

nor the rate of inactivation depended on the current

amplitude (see Figs 1 and 4) consistent with the absence of

calcium-dependent inactivation or depletion effects.

The time course of both inactivation and restoration could

be fitted by single exponential functions. The simplest

mechanism to assume would therefore be a first order

transition between the resting state and the inactivated

state that mediates both inactivation and repriming.

However, at those potentials at which both inactivation and

restoration could be observed the rates were different.

Between −30 and −10 mV, inactivation by subthreshold

prepulses was consistently slower than restoration after a
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Figure 7. Time constants and final values of restoration at different membrane potentials

A, average restoration time constants of the experiments in Fig. 6 plotted versus the membrane potential in
the restoration interval. B, comparison of voltage dependence of steady state restoration (Aend − values

obtained from the fits in Fig. 6, 0; dotted line, Boltzmann fit) and inactivation (see Fig. 1C) corrected for

recovery in the pulse interval (continuous line).



strongly activating and inactivating prepulse. Apparently,

the process is more complex than a first order reaction and

different pathways seem to be taken during inactivation and

restoration. It is premature to suggest a particular

inactivation scheme but regarding the different voltage

dependence of inactivation and restoration kinetics a cyclic

gating model should be more appropriate to describe the

data than a sequential scheme. Likewise, a cyclic four-state

minimum scheme, which was originally proposed for slow

inactivation in Na¤ channels (Bezanilla et al. 1982) has been
shown to explain qualitatively inactivation of gating currents

attributed to the DHP receptor in frog muscle (Brum & Rios,

1987) and was also applied to gating charge inactivation of

the L_type current in cardiac cells (Shirokov et al. 1992). A
cyclic scheme including six states has been suggested by

Francini et al. (1992) to explain their observations on Ca¥

current inactivation in frog skeletal muscle.

Clearly distinct fast and slow phases of restoration from

conditioning inactivation have been found by Nilius et al.
(1994) in experiments on vascular smooth muscle. The time

course depended on the duration of the conditioning pulse.

After short pulses, recovery was fast and voltage dependent

while longer prepulses causing a higher degree of

inactivation led to a predominantly slow restoration which

lacked voltage dependence. The authors suggest that Ca¥

channels enter a different inactivated state during

maintained depolarization from which they can exit only

slowly. In our experiments we also noticed changes in

restoration kinetics with increasing prepulse duration, but

the characteristics were different. At −50 mV restoration

got progressively slower, yet kinetically different phases as

reported by Nilius et al. (1994) could not be distinguished.

At −90 mV restoration showed the opposite behaviour, i.e.

the restoration rate was higher after longer pulses (5 and
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Figure 8. Time course of restoration after prepulses of different duration

A and B, depolarizing prepulses to +20 mV leading to partial inactivation (duration, 1 s in A and 5 s in B)
were followed by restoration intervals of variable length and a fixed test pulse of 500 ms duration to

+20 mV. C—E, determination of the recovery time course (average results of 3 to 5 experiments).

Depolarizing prepulses to +20 mV of 1 s (C), 5 s (D) and 15 s (E) were applied and the fractional restoration
was determined as shown in A and B. In each case two different restoration membrane potentials (−90 mV,
filled symbols; −50 mV, open symbols) were used. Continuous lines are fits to the data points by single

exponential functions plus constant.



15 s) than after a short pulse (1 s). We consider this as

additional evidence for more than one inactivated state.

After short conditioning depolarization, channels occupying

a first inactivated state may return to the resting state via a

path that is rate limited by a voltage-independent step. For

instance, recovery may proceed via a preactivated closed

state and the relative voltage independence of this recovery

may be related to the weak voltage dependence of activation

kinetics (Sipos et al. 1997). After longer depolarization

leading to more complete inactivation, a different path of

return to the resting state may be taken, now governed by a

voltage-dependent rate-limiting step.

The physical basis underlying slow inactivation in skeletal

muscle L_type channels can at this time only be speculated

upon. Considering data from the homologous cardiac isoform

of the L_type channel, a candidate region of importance for

the process is intramembranous segment S6 of domain I of

the á1 subunit and its adjacent extramembranous loops

(Zhang et al. 1994). Because of the reported effects of Ca¥

antagonists favouring inactivation (Bean, 1984; Pizarro et al.
1988; Neuhaus et al. 1990) interaction sites of these drugs

with the channel might also participate in the process (for

review see Striessnig et al. 1998). Moreover, characteristics
of inactivation have been reported to be influenced by

additional subunits coexpressed with á1 in non-muscle cells.

â subunits accelerate current inactivation (e.g. Singer et al.
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