
Pflfigers Arch (1990) 416:98-105 Et '   gfi Journal 
of Physiology 
�9 Springer-Verlag 1990 

The blockade of excitation/contraction coupling 
by nifedipine in patch-clamped rat skeletal muscle cells in culture 
Christian Cognard, Mich~le Rivet, and Guy Raymond 

Laboratory of General Physiology, CNRS U.R.A. 290, University of Poitiers, 40 avenue du recteur Pineau, F-86022 Poitiers Cedex, France 

Received May 4 / Received after revision October 4 / Accepted October 25, 1989 

Abstract. The effects of the dihydropyridine derivative, ni- 
fedipine, well known as a blocker of calcium channels, were 
tested on cultured rat myoballs. Membrane currents and 
contractions were simultaneously recorded by means of the 
patch-clamp technique and a photoelectric transducing 
method. High concentrations of nifedipine (5/~M) inhibited 
the contractile responses and inward calcium current (Ic~) 
elicited by long depolarizations. In the absence of /ca  (1.5 
mM cadmium in the bath), nifedipine inhibited both the 
/ca-independent contractile component and the outward 
current, supposed to depend on the intracellular calcium 
released during contraction. At low concentrations (0.5 #M) 
the blocking effects of nifedipine could be strongly enhanced 
by shifting the membrane potential towards less negative 
values ( -  60 mV) for 50 s prior to the test pulse. A blocking 
effect of nifedipine, at a usually ineffective concentration 
(0.1/~M), could also be observed when long-lasting (3 rain) 
prepulses to 0 mV were applied from a reference membrane 
potential of - 60 inV. This effect could be relieved by long- 
lasting cell hyperpolarizations ( -  90 mV). The blocking ef- 
fects of nifedipine unrelated to Ica could be interpreted as 
an action on a molecule (voltage sensor) in the T-tubule 
membrane involved in the excitation/contraction coupling 
process and as a preferential binding of the dihydropyridine 
derivative on the inactivated form of this molecule, favored 
by the weak negative potentials or long-lasting depolariza- 
tions. The results provide data in favor of the existence of 
strong similarities between the calcium channels and voltage 
sensors since their operation was inhibited in a voltage- 
dependent manner by nifedipine. 
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Introduction 

In spite of numerous and extensive studies the nature of the 
link between excitation and contraction of skeletal muscle 
cells remains unclear. Three transducing mechanisms have 
been proposed to explain the coupling between the skeletal 
muscle membrane depolarization and the sarcoplasmic re- 
ticulum calcium release: a chemical transmission with in- 
ositol 1, 4, 5-trisphosphate as a messenger, a mediation in 
which calcium ions trigger the calcium release from intra- 
cellular stores and an electromechanical transduction via a 
voltage-sensing protein. Recent experiments on the excita- 
tion/contraction coupling (ECC) process have brought forth 
important data in favor of the two latter mechanisms 
working simultaneously during long-lasting depolariza- 
tions. 

It has been demonstrated that the sarcoplasmic reticu- 
lure calcium-release channels are activated by less than mi- 
cromolar concentrations of calcium (Smith et al. 1986; Hy- 
mel et al. 1988; Lai et al. 1988). This property could explain 
the Ca;+-induced Ca2+-release mechanism observed in 
skinned fibres (Endo 1977; Volpe and Stephenson 1986) 
and supposed to play a role in ECC during long-lasting 
depolarizations (Rios and Pizarro 1988) and in the Ca-de- 
pendent contractions recorded in voltage-clamped skeletal 
muscle cells (Potreau and Raymond 1980; Ildefonse et al. 
1985; Rivet et al. 1989). 

On the other hand, Rios and Brum (1987) have dem- 
onstrated that the so-called calcium-channel blocker nife- 
dipine inhibits a portion of charge movements attributed to 
the voltage-sensing molecules involved in the ECC process 
(Schneider and Chandler 1973) as well as the calcium-re- 
lease flux. 

Dihydropyridines, which are supposed to act on both 
calcium entry and ECC voltage-sensors (see Agnew 1987), 
could be useful for tentatively dissecting the role of each of 
these two mechanisms in ECC. Nifedipine has, therefore, 
been tested on patch-clamped rat skeletal muscle cells in 
primary culture, the contraction of which was controlled by 
both voltage and calcium entry via calcium channels (Cog- 
nard et al. 1988; Rivet et al. 1989). 



The present work demonstrates that nifedipine inhibits 
contractile responses induced by depolarizing steps inde- 
pendently of its antagonistic action on calcium currents. This 
inhibitory effect exhibits some features that agree with the 
effects of phenylalkylamine derivatives (D600 and D888) 
observed on adult muscles (Eisenberg et al. 1983; Lfittgau 
et al. 1986; Berwe et al. 1987; Erdmann and Liittgau 1989) 
and are compatible with ideas of Lamb and Walsh (1987), 
Liittgau et al. (1987), Rios and Bruin (1987), Tanabe et al. 
(1987), who hypothesized that the voltage-sensing mole- 
cules involved in ECC are calcium-channel-like proteins. 

Materials and methods 

Cell culture. Satellite cells from hindlimbs of 1-3-day-old rats were 
obtained as described elsewhere (Rivet et al. 1989). The myoblast 
suspension (0.2 • 106 - 1 • 106 cells/ml) was plated (2 ml/dish) in 35- 
mm-gelatin-coated (0.5%) dishes and incubated for 3 days at 37~ 
(95% air, 5% CO2) in the growth medium (HAM F12 with 10% fetal 
calf serum and 10% heat-inactivated horse serum). Then the medium 
was exchanged with a Dulbecco's modified eagle medium (+ 5 % heat- 
inactivated horse serum) to induce fusion of myoblasts. Every 3 days 
the culture medium was renewed. Colchicine (10-30 nM) was added 
to obtain myoballs, which were used during 15 days (exceptionally up 
to 3 weeks) after the culture started. 

Recording membrane currents. The whole-cell configuration of the 
patch-clamp technique (Hamill et at. 1981) was used to record ionic 
membrane currents. Pipettes (2-5 M~)  were connected to the head- 
stage of the patch-clamp amplifier (RK300, Biologic, Grenoble, 
France) driven by a PC-AT-compatible microcomputer equipped with 
an A/D-D/A conversion board (Labmaster TM40, Scientific Solu- 
tions, Solon, USA). Data acquisition and analysis were performed by 
means of a software package (pClamp, Axon Instruments, Foster City, 
USA). Unless stated otherwise in the figures legends, data were sam- 
pled at 285 Hz and corrected for leakage currents from linear extrap- 
olation of membrane current magnitudes (assumed to be ohmic) for 
small depolarizations, which induced no (or negligible) dynamic cur- 
rents. 

Mechanical recording. Contractile activity was recorded, simultane- 
ously with the membrane currents (Rivet et al. 1989), by means of an 
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IP28 photomultiplier tube (Hamamatsu, Japan), as light transmission 
variations induced during the cell contraction. Throughout the paper, 
the terms contraction, contractile response or contractile activity are 
used interchangeably and refer to the mechanical activity recorded as 
indicated. The photomuttiplier was mounted on an auxiliary light-path 
exit of the inverted microscope (IMT-2, Olympus, Japan). The patch- 
clamped myoball was held between two fixed points: the membrane 
sticking at the bottom of the gelatin-coated culture dish and the pipette 
tip. In this way it was generally possible to avoid cell detachment from 
the dish, the cell shifting out of the photomultiplier beam or biphasic 
contraction recording, otherwise the cell was discarded. The photoe- 
lectric transducer was connected to a current/voltage converter (low- 
pass filter cnt-off frequency = 150 Hz) before digital acquisition. 

Solutions and experimental conditions. Currents and contractions were 
recorded at room temperature from myoballs (20-50/~m in diameter). 
The culture medium was exchanged before each experiment with the 
saline bath solution (in mM : 135 tetraethylammonium chloride; 2.5 
CaCI2; 0.8 MgC12; 5.6 glucose; 10 HEPES; pH=7.4, adjusted with 
tetraethylammonium hydroxide). The pipette was filled with (in mM) 
: 145 CsC1; 1 MgC12; 0.005 CaCI2; 1 [ethylenebis(oxonitrilo)]tetraacetic 
acid (EGTA); 5.6 glucose; pH=7.2 with Tris base. Nifedipine (Sigma, 
USA) was added to the saline medium from a concentrated stock 
solution (10 mM in dimethylsulfoxide) kept in the dark. During the 
experiments, between two recording sequences, the light beam was 
interrupted by means of a screen to prevent a possible inactivation of 
nifedipine during the prolonged exposure to light. However, during 
preliminary studies, no significant effect related to nifedipine inacti- 
vation by light was observed even without the above precautions. The 
maximum concentration of the solvant in the experimental solutions 
was 0.05%. Dimethylsulfoxide was added to all control solutions at a 
final concentration corresponding to that of the nifedipine-containing 
salines. 

Results 

The effects of a high concentration of nifedipine (5/~M) on 
membrane currents and contractions of rat myobaUs are 
illustrated in Fig. 1A. Depolarizing steps (450 ms in dura- 
tion) above - 3 0  mV from a holding potential of - 9 0  mV 
elicited slow inward calcium currents and contractions as 
already described (Cognard et al. 1988; Rivet et al. 1989). 
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Fig. 1A, B, Effect of nifedipine on currents and 
contractions of a patch-clamped rat myobaI1 in cul- 
ture, A Superimposed traces of currents (top traces 
of each set of recordings) and of contractions (bot- 
tom traces of each set) elicited by depolarizing 
pulses (450 ms in duration) of various levels (indi- 
cated in mV), from a holding potential of - 9 0  
mV, in the absence (lower traces of  current and up- 
per traces o f  contraction) or in the presence of 
5 #M nifedipine (ubber traces of  current and lower 
traces of  contraction). B Current/voltage (inward 
current peak amplitude, I, vs membrane potential 
value, V) and contraction/voltage (contration peak 
amplitude, T, vs membrane potential value, 1/) re- 
lationship in the absence (C)) and the presence 
( 0 )  of nifedipine for the experiment illustrated 
in A 
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Fig. 2A, B.Effect of nifedipine on currents and contractions in the 
presence of 1.5 mM external CdCI2. A Superimposed traces (left col- 
umn) of currents and contractions elicited by depolarizing steps (450 
ms) of different levels (indicated in mV near each recording) from a 
HP of - 90 mV in the absence (upper traces of currents and contractions 
in each set of recordings) or in the presence (lower traces) of nifedipine 
(5 #M), and after 3 min of washing (right column of recordings sets). 
B Current-voltage (outward current amplitude, I, measured at the end 
of the depolarizing pulse vs membrane potential value, I0 and con- 
traction/voltage (contraction peak amplitude, T, vs membrane poten- 
tial value, 1/) relationships for the experiment (illustrated in A) per- 
formed in the absence (�9 presence (0), and after washing out nife- 
dipine (2]) 

In the presence of nifedipine, inward calcium currents and 
contractions were drastically inhibited for all depolariza- 
tions. The I /V  curves of Fig. 1B show that the Ca current 
was fully inhibited by nifedipine. The T/V curve which, in 
control solution, exhibits the complex shape previously an- 
alysed (Cognard et al. 1988; Rivet et al. 1989) reveals that, 
in the presence of 5 ,uM nifedipine, the maximum contrac- 
tion never reached 10 % of control. 

Similar inhibitory effects of a dihydropyridine derivative 
and of other calcium-channel antagonists have been already 
reported on mouse myotubes in culture (Romey et al. 1988). 
Because, in cultured rat skeletal muscle cells (Cognard et 
al. 1988; Rivet et al. 1989), the contraction partly depends 
on the slow inward calcium current (/ca), it was difficult to 
assess whether the nifedipine blockade of  the mechanical 
activity was a consequence of the /ca  inhibition or the result 
of a more direct alteration of a voltage-sensing mechanism 
that governs the ECC processes. 

Therefore the following experiments were performed in 
the presence of cadmium, a well-known inorganic blocker 
of /ca .  This experimental approach (cadmium blockade of 
Ic,),  instead of reducing the extracellular calcium concen- 
tration or substituting another divalent cation, allowed us 
to maintain external [Ca] to its control value since calcium 
ions are required for a normal operation of some processes 
involved in ECC: potential-sensing molecules (Bruin et al. 

1988b), intracellular calcium movements (Brum et al. 
1988a), and contractions or contractures of batrachian 
(Lt~ttgau and Spiecker 1979; Cota and St6fani 1981; Lfittgau 
et al. 1986; Huerta  et al. 1986) or of mammalian (Graf and 
Schatzmann 1984; L6oty and Noireaud 1987; Dulhunty and 
Gage 1988) skeletal muscle fibres. Although some displace- 
ment of calcium by cadmium from critical sites for ECC 
cannot be discarded, a similar ionic manipulation has been 
used by Berwe et al. (1987) without noticeable alteration of 
the induced contractures. 

Figure 2A shows that, in the presence of 1.5 mM cad- 
mium, whatever the depolarization, the inward calcium cur- 
rent was not present whereas large mechanical responses 
were generated (left column, upper traces in each set of 
superimposed current and contraction traces). The presence 
of 5 #M nifedipine in the bath (Fig. 2A, left column, lower 
traces in each set of superimposed traces) led to a nearly 
complete inhibition of contraction. In addition, nifedipine 
blocked the development of an outward current that could 
be also observed as an outward tail current after the end of 
the depolarization. It appears worthwhile to describe this 
current here, although it is not the central topic of the 
present investigation. It seems that it might be attributed to 
a K+-type permeability (Cs-- as charge carrier in the present 
conditions) depending on the intracellular calcium as briefly 
outlined in the Discussion. Its relative importance exhibited 
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Table 1. Dose-dependent effect of nifedipine on peak contraction of 
rat myoballs in presence of 1.5 mM CdC12. Depolarizing pulse from 
-90 mV to 0 mV (450 ms in duration); 34 different cells 

Nifedipine 
concentration 

Decrease of the control peak contraction 
amplitude (%) 
mean _+ SEM 

0,1 17.5 + 11.4 8 
0.5 26.1 + 10.2 6 
1,0 59.7 +_ 9.3 10 
5.0 91.5 + 1.8 10 

a great  variabil i ty from cell to cell: not  easy to observe in 
Fig. 1A, and obviously present  in the tail traces of Fig. 5a, 
b, c, and f. Washing out  the d ihydropyr id ine  derivative 
(right column of traces in Fig. 2A) led to a rapid  reappear-  
ance of both  the contracti le response and the outward cur- 
rent.  Between - 20 mV and 40 mV, a bump can be seen on 
the I / V  curves (Fig. 2B) in control  exper iments  (open cir- 
cles) and after washing out  nifedipine (open squares) ,  but  
not in the presence of nifedipine (filled circles). The T/V 
curve of Fig. 2B, drawn from data  obta ined in the presence 
of 1.5 m M  cadmium (e.g. in the absence o f /ca ) ,  exhibits a 
classical S-shape (no marked  decrease for high depolar iza-  
tions) a l ready descr ibed by Rivet  et al. (1989). In  the pres- 
ence of nifedipine I / V  and T/V  curves are flat as the result 
of drastic inhibit ion of contract ions and outward  currents.  
The inhibi tory effect of nifedipine was dose-dependent  as 
shown in Table 1, which gives the percentage inhibit ion of 
the contracti le response obta ined with different concentra-  
tions of nifedipine for a depolar iza t ion to 0 mV. The large 
variabil i ty of the responses precludes drawing up an accu- 
rate dose-response curve. Nevertheless  an EDs0 be tween 
0.5 # M  and 1/~M could be a reasonable  est imation.  

Since Rios and Bruin (1987) have shown, in frog skeletal  
muscle fibres, that  inhibit ion by nifedipine of charge move- 
ments and of calcium release from sarcoplasmic ret iculum 
was dependent  on holding potent ia l ,  a voltage dependence  
of the nifedipine effect has been quali tat ively investigated.  

In the exper iment  i l lustrated in Fig. 3 the membrane  
potent ia l  was held at two different  values ( - 9 0  mV and 
- 6 0  mV) for 50 s before  a test pulse (500 ms) at 0 mV. In 
control  condit ions (1.5 m M  cadmium in the bath  solution) 
the level of the holding potent ia l  (HP) had little or  no effect 
on contract ions and currents (Fig. 3A) as clearly seen in the 
displays of traces with an expanded  t ime base (inset). When  
the HP was held at - 9 0  mV prior  to the test pulse,  a low 
concentrat ion of nifedipine (0.5,uM) had little effect on con- 
traction and current  (Fig. 3Ba). In contrast ,  setting the HP 
to - 6 0  mV during the prepulse  led to a near ly  complete  
block of the mechanical  response and the outward  current  
induced by the test pulse (Fig. 3Bb). These effects were 
part ly reversible by washing out  nifedipine (Fig. 3C). 

A similar exper iment  (Fig. 4) was per formed  on another  
cell in the absence of external  cadmium. Compared  to the 
previous exper iment ,  the control  recordings (Fig. 4A) dis- 
p layed slow inward calcium currents in addi t ion to the me- 
chanical events elicited by depolar iz ing steps to 0 mV. A d d -  
ing 0.5 # M  nifedipine to the external  medium fully b locked 
/ca whatever  the HP. The contracti le response was part ly 
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Fig. 3A-C. In the presence of 1.5 mM CdC12, influence of the holding 
potential on the effect of 0.5/~M nifedipine on membrane currents and 
contractions. Currents and contractions were elicited according to the 
protocol schematized at the top with membrane protential values in- 
dicated in mV. Two sample frequencies were used: 20 Hz during the 
conditioning potential and 100 Hz during the test pulse (500 ms in 
duration) and the end of recordings. For each set of superimposed 
recordings in the absence (A), the presence (B), and after washing out 
(C) nifedipine, the insets correspond to the expanded-time-base dis- 
plays of the indicated part of the original recordings. In B traces marked 
a and b correspond to the current and contraction records obtained 
with a preconditioning potential of - 90 mV and - 60 mV respectively 
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Fig. 4. Same as Fig. 3 but in the absence of CdC12 

inhibited with a HP at - 90 mV (Fig. 4B, contraction trace 
a) and suppressed at HP = - 6 0  mV (Fig. 4B, contraction 
trace b). After 3 min of washing (Fig. 4C), a partial reap- 
pearance of contractile activity clearly occurred (33 % of 
the control value at H P - - - 6 0  mV and 55% at - 9 0  mV) 
whereas /Ca recovered poorly (never more than 20%),  
which demasked the outward current restoration. This ex- 
periment is difficult to analyse because of overlapping be- 
tween the calcium and outward currents and because of the 
dual nifedipine effect on the two components of contraction 
(this explains the strong effect on contraction even with a 
HP = - 9 0  mV, Fig. 4Ba). Nevertheless the present results 
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Fig. 5. The effect of long-lasting conditioning potentials, in the pres- 
ence of CdClz, on the action of nifedipine at very low concentration 
(0.1/~M). The six sets of recordings (a-f) have been successively ob- 
tained from a to f according to pulse protocols indicated in inset. From 
a reference holding potential of -60 mV, long-lasting (3 rain) condi- 
tioning prepulses (from -60 to 0 mV, b and d, or from -60 to -90 
mV, f) preceded a 1-min resting period at -60 mV and then a test 
pulse (450 ms in duration) to 0 mV. Currents and contractions have 
been recorded only during the test pulse (thick vertical bar in the 
diagrams), a, h Sets of control recordings in the absence of nifedipine. 
e- f  Obtained successively in the presence of 0.1 ,uM nifedipine with 1 
rain between each pulse sequence. 

reinforce the previous observations of a potential-depend- 
ent inhibitory effect of nifedipine on a current- independent  
component  of contraction and of a link between contraction 
and the outward current. In addition, they suggest the ex- 
istence of some differences between the recovery mecha- 
nisms of Ica and contraction. 

The voltage dependence of the nifedipine effect was 
then tested (Fig. 5), with the pulse protocol described below, 



for a smaller nifedipine concentration (0.1/~M), which was 
usually ineffective at a HP of - 90 mV as well as at a HP of 
- 6 0  mV. From a reference value of - 6 0  mV, the HP was 
shifted to different levels (0 or - 90 mV) for 3 min and then 
returned to - 60 mV for 1 min, to allow a full repriming of 
contractile activity, before a test pulse at 0 mV was applied. 
Compared to Fig. 5a, Fig. 5b shows that in control condi- 
tions, a preputse at 0 mV for 3 min did not noticeably alter 
either the contractile response or the outward current mark- 
edly present during the pulse and the tail current. A nife- 
dipide concentration as low as 0.1 ktM had no effect on the 
membrane current and the contraction induced by depolar- 
izing pulses from - 6 0  mV to 0 mV (Fig. 5c). In contrast, 
the shift of HP from - 6 0  to 0 mV for 3 rain led to the 
suppression of the contractile response and of the outward 
current elicited by the test pulse (Fig. 5d). In the presence 
of nifedipine, holding the membrane potential at - 60 mV 
for 5 min did not allow any repriming of contraction and 
outward current (Fig. 5e). By contrast a conditioning pre- 
pulse at - 90 mV for 3 min allowed the recovery of a large 
part of the mechanical and electrical responses (Fig. 5 0 . 
The contraction was even often increased; this was probably 
accounted for by the slowing down of the relaxation mech- 
anism rather than by a specific increase in the mechanical 
activation process, since the activation rate was always de- 
creased. 

Discussion 

The experimental results reported in the present article can 
be summarized as follows: (a) independently of its effects 
on /ca  and on the associated contraction component, nife- 
dipine inhibited in a dose-dependent manner the contractile 
responses of patch-clamped rat myoballs in culture; (b) this 
blocking effect was accompanied by the inhibition of an 
outward current and (c) the effect of nifedipine at low con- 
centration was strongly voltage-dependent. 

Eisenberg et al. (1983) first described the inhibiting 
effects of an organic antagonist of calcium channels (D600) 
on contraction of skeletal muscle fibres. These and other 
results reactivated the idea that, in skeletal muscle, the 
excitation/contraction coupling process was a Ca-induced 
Ca-release mechanism. Such a mechanism could be trig- 
gered by calcium ions entering the cell through voltage- 
dependent calcium channels since the simplest explanation 
for the blockade of contraction by the calcium channels' 
organic antagonists is a primary inhibition of calcium cur- 
rent. The results presented in Fig. 1 could be interpreted in 
this way. This hypothesis is supported by the existence, in 
voltage-clamped skeletal muscle cells of the frog (Potreau 
and Raymond 1980; Ildefonse et al. 1985) and of the rat 
(Cognard et al. 1988; Rivet et al. 1989), of a component of 
contraction that depends on calcium entry through calcium 
channels. 

In fact the situation is more complicated. If the calcium- 
current-dependent mechanism can be involved in long-last- 
ing events, such as potassium contractures or contractions 
induced by sustained depolarizing steps, the kinetics of /ca 
are too slow for Ica involvement in the fast physiological 
coupling processes. 
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Furthermore, in calcium-free solutions buffered with 
EGTA, twitches can still be elicited for some time (see for 
example Armstrong et al. 1972). In addition,/ca blockade 
by inorganic antagonists like Mn 2+ or Cd 2+ leads to the 
block of only a part of the mechanical response (Potreau 
and Raymond 1980; Rivet et al. 1989). The results obtained 
here, in rat myoballs (Fig. 2), obviously show that the in- 
hibitory effect of nifedipine on contraction is independent 
of its effect on /ca  since it was observed after blockade of 
this current by cadmium. The data obtained in various ex- 
perimental conditions, by Berwe et al. (1987), L6oty and 
Noireaud (1987), Dulhunty and Gage (1988), Gamboa-A1- 
deco et al. (1988), Jacquemond and Rougier (1988), and 
Fill and Best (1989), led to an identical conclusion. In spite 
of (or because of) numerous studies, the reports on the 
actions of dihydropyridine derivatives and other organic 
blockers of /ca on contraction seem sometimes conflicting: 
these compounds have been shown to depress (Eisenberg 
et al. 1983; Ildefonse et al. 1985; Berwe et al. 1987; Caputo 
and Bolafios 1987; L6oty and Noireaud 1987; Frank et al. 
1988; Gamboa-Aldeco et al. 1988; Jacquemond and Roug- 
ier 1988; Fill and Best 1989), to potentiate (Gonzalez-Ser- 
ratos et al. 1982; Gallant and Goettl 1985; Dulhunty and 
Gage 1988) or to have no effects (McCleskey 1985) on 
mechanical events in muscle cells. In our experimental con- 
ditions, the inhibitory effect of nifedipine on contraction 
was beyond doubt: it was observed in the presence or ab- 
sence of /ca ,  was concentration-dependent (Table 1) and 
was relieved by washing or membrane potential manipula- 
tions. 

The outward current, which is simultaneously blocked 
by nifedipine, seems to depend on intracellular calcium 
release during contraction: particularly (Fig. 5f) where the 
contractile response developed more slowly than before 
application of nifedipine, the outward currents exhibited a 
similar slowing down. The I/V curve of this current (Fig. 
2B) displayed a bump, indicating that its amplitude is not 
controlled by the sole membrane potential. Since this cur- 
rent was only observed when contraction was present, we 
think, as stated above (see Results), that it is due to a cesium 
efflux through a K-type permeability and, since it could still 
be recorded after/Ca blockade by cadmium, that it is more 
likely dependent on intracellular calcium ions released dur- 
ing contraction than on calcium ions entering the cell 
through calcium channels. Unless nifedipine exerts an in- 
dependent but kinetically similar inhibiting effect on the 
outward current, it seems reasonable to hypothesize that 
this current is, at least partially, controlled by the calcium 
released from sarcoplasmic reticulum during contraction, 
since alterations of contractile response always led to par- 
allel outward current modifications. This observation in- 
cludes the voltage-dependent effects discussed below. In 
cultured rat skeletal muscle cells, different types of calcium- 
dependent K § channels have been demonstrated. One with 
a large conductance (BK channels) is blocked by tetraethyl- 
ammonium ions and is not permeable to Cs § (Pallotta et al. 
1981; Blatz and Magleby 1984; Romey and Lazdunski 1984), 
therefore it could not be involved in the present experiment. 
A second one is sensitive to the neurotoxin apamin; it has 
been reported (Cognard et al. 1986) to contribute to the 
apparent inactivation o f / c a  and has been studied at the 
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single-channel level by Blatz and Magleby (1986). In addi- 
tion, a third type,  with a very small conductance,  has been 
observed (Blatz and Magleby 1986) after b lockade  of the 
other  ones. As a mat ter  of fact, further  experiments  are 
necessary to determine  the nature,  the proper t ies  and the 
physiological role of this current.  This could be impor tant  
in the view of possible membrane  current  modulat ions  by 
the calcium released during contraction.  

Despi te  the fact that /Ca cannot  play a major  role in the 
coupling process,  the molecules involved in the ECC mech- 
anism exhibit calcium-channel-l ike proper t ies  since they re- 
quire external  calcium ions (see above) and are sensitive to 
calcium-channel blockers in a vol tage-dependent  manner  
(Lfittgau et al. 1986; Berwe et al. 1987; Erdmann  and Lfitt- 
gau 1989). This lat ter  p roper ty  has been tested with proce- 
dures similar to those used by L~ittgau and co-workers.  
Their results are in terpre ted  (from the modula ted  receptor  
hypothesis of Hille 1984) as a preferent ia l  binding of the 
antagonistic drug to the inactivated state of the target  mol- 
ecule, turning it into a stabilized form ("paralysis" state),  
from which it dissociates only if the membrane  potent ia l  is 
re turned to very negative levels. Our  results, repor ted  in 
Figs. 3 - 5, p robably  relate  to these mechanisms. 

The quali tative nature of the present  exper iment  ob- 
viously precludes any detai led interpreta t ion and determi-  
nation of a multiple-states model  for the coupling molecules.  
However ,  the results clearly demonst ra ted  that  typical char- 
acteristics of the ECC mechanism described elsewhere for 
frog or  rat  adult  muscle fibres are present  in rat  embryonic  
skeletal  muscle cells in culture, part icularly the voltage- 
dependence  of the inhibit ion of contrat ion by calcium-chan- 
nel organic blockers.  S ince / ca  cannot account for a large 
part  of the E C C  mechanism,  al ternative processes have 
been proposed.  The most documented  hypothesis,  origi- 
nally p roposed  by Schneider  and Chandler  (1973), is the 
control  of E C C  by a voltage-sensing molecule,  the activation 
of which is reflected by a par t  of the charge movements  
recorded in the skeletal  musle membrane .  Since the organic 
blockers of calcium channels affect both the calcium release 
flux and the charge motions in a vol tage-dependent  manner  
(Rios and Brum 1987) it was proposed  that  the "voltage 
sensors" are calcium channel molecules with or  without 
calcium ion permeat ion  or are calcium-channel-l ike proteins  
(Rios and Brum 1987; Rios and Pizarro 1988) responsible 
for the ECC mechanism. In the experiments  of Fig. 4 the 
recovery of Ica and of contract ion seems to be different. 
Does  this indicate that  calcium channels and voltage sensors 
are different molecules? Even if these proteins (or this com- 
plex of proteins) are biochemical ly identical,  it would not  
be surprising that  the voltage sensor controlling ECC, be- 
cause of its possible association with sarcoplasmic ret iculum 
Ca-release channels and/or  the "feet structures" (Block et 
al. 1988), exhibits some different propert ies  from those of 
functional calcium channels. 

Whatever  the exact mechanisms that  opera te  in E C C  
processes,  it is important  to note that  the E C C  of embryonic  
(non-innervated)  mammal ian  skeletal  muscle cells in cul- 
ture, used in the present  study, exhibits some features ob- 
served in adult  frog or  mammal ian  muscle fibres, indicating 
that e labora te  links between the membrane  depolar izat ion 

and the contract ion are establ ished early during the cell 
development .  
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