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Conductance-Voltage Relations in Large-Conductance 
Chloride Channels in Proliferating L6 Myoblasts 

O. HURŇÁK and J. ZACHAR 

Institute of Molecular Physiology and Genetics, Slovak Academy of Sciences, 
Vlárska 5, 833 34 Bratislava, Slovak Republic 

A b s t r a c t . Large-conductance chloride channels (maxi-Cl channels) were studied 
in cultured myoblasts (L6 rat muscle cell line); in excised (inside-out) and in cell 
a t tached membrane patches using a conventional patch clamp method. 

The incidence of maxi-Cl channels was substantially higher in proliferating 
myoballs, then in quiescent (bottom-attached) myoblasts (90% and 50%. percent of 
examined cells, respectively). The maxi-Cl channels in myoballs were present both 
in cell attached and excised patches. 

The channel conductance at symmetric [CI] = 150 mmol/1 was 359 ± 42 pS 
(n = 74) in quiescent cells and 439 ± 10 pS (n = 6) in proliferating myoballs 
respectively. 

The conductance of the channel in quiescent cells increased with chloride con
centration in symmetric NaCl rich solutions according t o Michaelis-Menten curve 
with the saturat ion limiting conductance of about 640 pS (gmax) and Km = 112 
mmol/1. 

The shift of the reversal potential upon increasing the pipette concentration 
of NaCl from 150 t o 250 mmol/1 was consistent with P^a/Pc\ = 0.1. Neither the 
conductance nor the activation of the channel were dependent on the presence of 
calcium ions. 

The bell-shaped steady state channel conductance-voltage relationship is a-
symmetric and can be fitted by two Boltzmann equations with different Vh and k 
constants; —25.6 m V and —6.8 mV, respectively, for the negative side and +49.6 
mV and +13.7 mV for the positive side in quiescent cells. The corresponding val
ues in proliferating myoballs were as follows: —15.5 m V and —2.4 mV, respectively, 
for the negative side and +31.4 mV and +6.8 mV for the positive side. From the 
maximum slopes of the P o p e n versus V curves an est imate was made of the charges 
for the gates t h a t close at negative (3.5) or positive (1.7) potentials, respectively, 
in quiescent cells. T h e corresponding values in myoballs were 10.6 and 3.7, respec
tively. 

The probability of one gate to be open was dependent on the state of activation 
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of t h e opposite gate as determined by prepulses of the opposite polarity. 

The channel showed multiple (up t o six) conductance levels t h a t may develop 
in a step-like manner. 

The onset of the full-grown maxi-Cl channel is fairly abrupt; it might, however, 
be preceded by a small conductance unit activity. 

It is supposed t h a t the differences between the quiescent myoblasts and prolif
erat ing myoballs might reflect increased expression of maxi-Cl channels in myoballs 
t o perform as yet unknown role in t h e cell cycle and/or proliferation of the myo
blasts. 

K e y words: Chloride channel — Large-conductance channel — Anion channel 
— Muscle cell line — Open probability — Rate of relaxation — Gating — L6 
myoblasts — Myoballs — Voltage dependent channels — Patch clamp 

I n t r o d u c t i o n 

Since their discovery in primary cultures of skeletal muscle (myotubes) by Blatz 
and Magleby (1983) the high conductance chloride channels were found in all three 
types of muscle cells (skeletal, smooth and cardiac), in excitable and non-excitable 
neuronal cells, in several kinds of epithelial and endothelial cells and in blood cells, 
mostly lymphocytes (for a review see Hurňák and Zachar 1992). T h e functional 
significance of these channels remains unknown. We have described recently the 
existence of maxi-Cl channels at very early stages of undifferentiated myoblasts of 
t h e L6 rat muscle cell line (Hurňák and Zachar 1992), i.e. at a stage, where they 
form a prominent part of a rather poor channel mosaics. We therefore hypothesized 
t h a t they might play a role in some basic functions of t h e cell, such as the volume 
regulation and/or the cell differentiation (see also Blatz and Magleby 1983). At 
least two conditions appear crucial for the progress in elucidation of their role in 
t h e cell functions: First, a correlated insight into their activation with supposed 
activities of the cell and second, a disclosure of modulation of their behaviour with 
physiological agents. In the following two papers we are characterizing further 
the conductance properties of the maxi-Cl channels in L6 myoblasts and bring 
new evidence concerning the increase of maxi-Cl channels in proliferating myoballs 
as compared with quiescent (bottom-attached) cells, and on differences in their 
properties as described in this paper and by specific blockators reported in the 
following paper (Zachar and Hurňák 1994). 

M a t e r i a l s and M e t h o d s 

Cells. The rat muscle cell line L6 (Yaffe 1968) was used in patch clamp experiments. The 
cell line was purchased from the American Type Culture Collection (A.T.C.C.; Rockville, 
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MD, USA). Cells for experiments were subcultured (maximum 6x) at regular time inter
vals to prevent fusion. Cells were seeded in plastic or glass dishes at required densities, 
usually at 2 — 5 x 105 cells/Petri dish in Dulbecco's modified Eagle's medium containing 
20% fetal bovine serum and antibiotics: streptomycin, kanamycin, (100 /Jg/ml each) and 
penicillin (100 units), and were kept in a humidified atmosphere under 5% CO2 / 95% 
O2 at 37 °C. L6 myoblasts were taken for experiments 24-96 hr after plating. Before the 
experiment proper, the culture medium was exchanged for normal Krebs solution. 

Electro-physiology. Currents were recorded in cell attached or excised (inside-out) config
uration of the patch-clamp technique (Hamill et al. 1981) as described in detail elsewhere 
(Hurňák and Zachar 1992). Briefly, all recordings were made with an Axopatch 1C patch-
clamp amplifier and CV-4 0.1/100 headstage (Axon Instruments, Foster City, CA, USA). 
Currents were low-pass filtered (1-2 kHz) by an eight pole Bessel filter. Data were acquired 
and analysed using an IBM AT compatible computer with an analog-to-digital interface 
board (Labmaster DMA, Scientific Solutions Inc., Solon, OH, USA) using pClamp 5.5.1 
software (Axon Instruments). The ramp-pulse recordings were evaluated using a software 
developed in our own laboratory (Stavrovský et al. 1992). Evaluation of ramp protocols, 
non-linear fitting of data and determination of voltage-dependence of channel activation 
was described elsewhere (Hurňák and Zachar 1993). In all figures potentials represent 
pipette potentials. 

Solutions. The standard bath contained a NaCl saline consisting of (mmol/1): 150 NaCl; 
0.5 CaCl2; 20 HEPES; pH 7.4 or a Krebs solution (mmol/1): 135 NaCl; 5 KC1; 1 CaCl2; 
2 MgCl2; 20 HEPES; 5 glucose; pH 7.4 at 23°C. In most experiments the pipette solution 
was the same as that in the bath solution. The bath solutions used for testing the gci -
[Gl]o relation and the selectivity, respectively, contained 150 mmol/1 NaX, where X was 
the test or replacing anion. Low Cl~ solutions were made by equimolar replacement with 
gluconate or methanesulphonate. High Cl~ solutions were hypertonic NaCl solutions. 
All experiments in the inside-out patch configuration that required exchange of solutions 
were performed with the tip of the patch pipette positioned inside a perfusion capillary 
with a diameter of about 1 mm. The reference Ag-AgCl pellet electrode was connected 
to the bath by means of 3 mol/l KC1 bridge. The junction potentials as measured against 
this electrode were corrected where appropriate (Neher 1992). 

Where appropriate, data are cited as means ± S.E.M. 

R e s u l t s 

Basic characteristics of single channel currents in inside-out excised patches from 
quiescent L6 myoblasts are demonstrated in Fig. \A showing ten consecutive re
sponses to voltage steps of 10 mV (4.2 s in durat ion) from the holding potential 
of 0 mV in b o t h t h e positive and negative directions. Both t h e pipet te and the 
b a t h solutions were of the same composition (150 mol/1 NaCl, 0.5 mmol/1 CaCl2). 
The channel was open most of the t ime at small membrane displacements (±10 
mV, ± 3 0 mV), but inactivated quickly at larger voltage steps. Transitions be
tween closed and open states were abrupt in response to negative displacements in 
contrast to multiple steps (see arrows) observed in response to positive membrane 
potential displacements (see below t h e section on subconductance states.) Fig. I S 
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Figure 1. Single channel cuiient íecords horn excised patches (mside-out) of a quiescent 
(bottom-attached) myoblast (4) and a proliferating rounded nryoball (B) Successive 
records to command pulses from +50 to —50 m\ ( 4) or +10 to —40 m\ (B) íespectively 
in 10 mV steps from a holding potential of 0 mV Duration of test pulses 4200 ms m ( 4) 
and 3600 ms in (B) interpulse interval 10 s sampling interval 2 ms t closed state o 

open state of an activated channel The subconductancc states aie maiked by anows 
(pulse to +50 and +20 mV) Note extensive flickering in substates Svmmetncal (patch 
pipette // bath) solutions (in mmol/1) 4 150 NaCl 0 5 C aC U B Krebs solution 

shows lecoids of unit channel activitv m excised mside out patches fioni loimded 
prohfeiatmg m\oblasts (mvoballs) obtained undei similai experimental conditions 
(Krebs solution with [CI] — 147 mmol/1 voltage step duiat ion 3 6 s) The maxi CI 
channels m imoballs weie pieseut both m cell-attached and excised patches The 
íecoidings showed similai patterns as those fioni the qmcscent mvobl ists including 
the asv liimctiv to pulse s ot opposite polantv 

Channt I caiidui tan 

The t h imid conduetanee e one spondniL, to the main open level was deteiimnt d 
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Figure 2. Cuirent-voltage relations in quiescent myoblasts and proliferating myoballs. 
A. Single-channel currents in quiescent myoblasts to a symmetrical voltage ramp pulse 
from —60 to +60 mV applied within 1 s. The leakage membrane conductance slope was 
subtracted (see text). Slope of the best fit line through the open channel levels then 
gives directly the channel conductance, g = 395 pS. Symmetrical solutions ([CI] = 150 
mmol/1). B. I — \~ relation in a prolifeiating myoball determined from the records like 
those demonstrated in Fig. 1. The channel conductance, g = 439 pS. 

from the records like those demonstrated in Fig. 1 or directly obtained from current-

voltage ramp records (Fig. 2^4) using the procedure of Stavrovsky et al. (1992). 

The straight line that can be fitted through the open channel levels in Fig. 2^4 

(quiescent cell) represents the / — V plot and has a slope of 395 pS. The average 

value of conductance in symmetrical 150 mmol/1 NaCl was 359 ± 42 pS (n = 74). 

The line crosses the ordinate close to 0 mV. In the solution used this value would 

be expected for the equilibrium potential of a N a + , Cl~, or a nonselective channel. 

The shift of the reversal potential upon increasing the pipette concentration of NaCl 

to 250 mmol/1 was consistent with PNA/PQI = 0.1 indicating the chloride nature 

of the high-conductance channel. The channel conductance was not influenced 

by variation of the C a 2 + ions in either internal or external surroundings of the 

membrane. The average current-volt age relation in myoballs in symmetrical Krebs 

solution ([Cl] = 147 mmol/1) is demonstrated in Fig. 2B. The conductance, e/ci = 

439±10 pS (7? = 6) is higher than in quiescent cells under comparable experimental 

conditions. 

The chloride conductance in the main state. gc\ was a function of the CI 

concentration, [C\}1 on the intracellular side of the membrane. Fig. 3 shows the [Ci], 

versus yct plot obtained with the 150 mmol/1 XaCl in the pipette and changing th'1 
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Figure 3. Nonlinear chloride activity (abscissa) - conductance (ordinate) relation of high-
conductance channels in membrane patches excised from quiescent L6 myoblasts. The best 
fit line through the experimental points represents Michaelis-Menton curve drawn from 
Equation (1) in the text. Inset: linearized (Eadie-Hofstee) plot of the relation. gm&*. = 640 
pS; Am = 112 mmol/1. Symmetrical NaCl solutions. Each point represents a mean ± 
S.E.M. of at least 3 measurements in different patches except for [CI] = 500 mmol/1 (two 
measurements). 

chloride concentration on the intracellular side of the patch membrane. In solutions 
with [Cl]i < 150 mmol/1, NaCl was replaced by Na methanesulphonate or Na 
gluconate (25 mmol/1, n = 3; 50 mmol/1, n = 5). Solutions with [CI]i > 150 mmol/1 
were hypertonic NaCl solutions (300 mmol/1, n = 5; 500 mmol/1, n — 2). The curve 
through experimental points was fitted by the Michaelis-Menten equation: 

flCl = Smax/(l + #m/[Cl]i), (D 
where Km is the concentration for half-maximal conductance, g m a x is saturating 
conductance and [CI]i is concentration of Cl~ ions. The inset shows linearized 
(Eadie-Hofstee) plot of the relation for evaluation of </max = 640 pS and Km = 112 
mmol/1, respectively. It follows from Fig. 3 that the ionic fluxes through the high-
conductance anion channel saturate as ionic concentrations are raised well above 
their physiological levels. This is a clear indication that the permeation of Cl~ ions 
through the channel deviates from the independence principle (Hille 1992). 

Incidence of channels 

The maxi-Cl channels in bottom attached L6 myoblasts were quiescent for a vary
ing period between few seconds and several tens of minutes before they become 
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F i g u r e 4. Frequency distribution of the numbers of channels observed in membrane 
patches from L6 myoblasts. 

activated as already documented elsewhere (Hurňák and Zachar 1992). During 
the chosen waiting interval of 30 min the channels were observed in 69 out of 138 
excised patches. T h e number of channels in a patch varied a great deal as shown 
in Fig. 4; and shows a Poisson frequency distribution. The incidence of maxi-Cl 
channels per patch in proliferating myoballs was much higher almost in every cell 
examined (32/38). The channels appeared already in cell at tached patches and con
tinued to be active after excision of the patch membrane from the cell. The number 
of channels in t h e membrane varied a great deal, comparably t o the variation in 
quiescent cells. 

The onset of the channel activity is an abrupt event. In a small proportion 
of cell attached patches we observed, however, a small amplitude unit channel ac
tivity, which preceded the onset of full ampli tude maxi-Cl channel events. Fig. 5̂ 4 
shows a long record ( « 20 s) of such a single channel current activity at the + 8 0 
mV holding potential . Fig. 5B shows a corresponding current-voltage relation with 
a slope g — 18 pS determined from the records such as t h a t shown in Fig. IB at 
four other voltage steps. The current reversed at a potential close to 0 mV and 
the relation showed no rectification. During the measurement the channel activity 
passed into a full-grown maxi-Cl channel activity with typical large amplitude sin
gle channel currents and inactivation at higher membrane potential displacements. 

^ HžŽ 
_1 I I L. 
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Figure 5. Small conductance unit channel currents preceding the appearance of full-
grown maxi-Cl channel activity. .4: Continuous record of unit channel activity just prior to 
onset of large-conductance unit channel currents. Holding potential +80 mV. B: Current-
voltage relation with a slope, g = 18 pS. 
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We never observed the small conductance channel activity to reappear at higher 

membrane voltage steps (e.g. 80 mV), when the maxi-Cl channel activity is ab

sent and when the small conductance channel activity is expected to be present 

(Fig. í A). The coincidence of both events occurs in such a casual relation that it 

precludes independent events. 

Voltage dependence 

The high-conductance chloride channel spent most of its t ime in the open state in 

the voltage range close to the holding potential (about ±15 mV). The probability of 

the channel to be in the open state, however, steeply decreased by larger displace

ments of the membrane potential from the holding potential (0 mV) as already 

shown in Fig. 1. Fig. 6/1 demonstrates the voltage dependence (V) of the steady 

state probability of the channel being in the open state (P0pen) i n quiescent cells. 

The -Popon versus V plot was constructed from the proportion of time the channel 

spent in the open state in relation to the total t ime of recording the channel activity 

to a voltage step. The probability plot is clearly asymmetrical. The probability of 

the channel to remain in the open state was clearly higher at positive membrane 
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Figure 6. Voltage dependence (V) of the steady-state probability (P0ppn) of the channel 
being in the open state. The bell-shaped relations were determined from the records 
like those demonstrated in Fig. 1. A (quiescent cells): The curve was fitted as the sum 
of two Boltzmann equations (given in the text) with coefficients Vh = —25.6 mV and 
k = —6.8, respectively, for the negative side and +49.6 mV and +13.7 for the right side. B 
(myoballs): The curve was fitted as the sum of two Boltzmann equations with coefficients 
Vh = —15.5 mV and k = —2.4, respectively, for the negative side and +31.4 mV and 
+6.8 for the right side. Note asymmetric shape of dependence of Popeu on negative and 
positive voltage pulses (V), respectively. 
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potential displacements t h a n in the opposite direction. 
The bell-shaped dependence of open probability ( P o p e n ) on voltage (V) was 

described by two Boltzmann equations of the form: 

Popen = i W { l + exp[(V - Vh)/k}}, (2) 

where P o p en is the steady-state probability of the channel being in the open state, 
Vh is the voltage at P o p en = 0.5 and k is the slope factor and represents the voltage 
sensitivity of activation. The fitted values of Vh and k were —25.6 mV and —6.8, 
respectively, for the negative side and +49.6 mV and +13.7 for the positive side. 

From the maximum slopes of the Popen versus V curve an estimate can be 
m a d e of the charges for the gates t h a t close at negative or positive potentials, 
respectively (Aimers 1978, Hille 1992). The charges calculated were 3.5 for the 
negative and 1.7 for the positive side, respectively. 

Similar behaviour was observed also in proliferating myoballs (Fig. 6B). The 
fitted values of Vh and k were —15.5 mV and —2.4 respectively, for the negative side 
and +31.4 mV and +6.8 for the positive side. Mean values are given in Table 1. 
It is evident that the steepness of the relation is greater in myoballs in comparison 
with quiescent cells. 

The charges (z) calculated from the bell shaped relations (Table 1) were higher 
in myoballs in comparison with the myoblasts. 

Table 1. Boltzmann's parameters and gating charges 

Cell 

L6 (quiescent) 
L6 (myoballs) 
BC3H1 myoblasts 
T lymphocytes (e.p.) 
T lymphocytes (c.a.) 
Epithelial (bile duct) 
Epithelial (fetal) 
Neuroblastoma 
Skeletal muscle 
Skeletal muscle [Ca] 

^h(n) 

-25.6 
-15.5 
-53.0 
-22.8 

-
-

-41.9 
-20.3 
-41.3 
-19.5 

k(n) 

-6.8 
-2.4 
-8.4 
-4.4 

-
-

-0.7 
-6.3 

-
-4.9 

2 

3.5 
10.6 

3.0 
5.7 
-

«2.4 
36.2 

4.0 
4.3 
5.2 

Vh(P) 

49.6 
31.4 
41.0 
18.0 

-55 8 
-
-

36.0 
288.0 

59.8 

k(P) 

13.7 
6.8 

10.2 
2.6 

13.1 
-
-

10.0 
61.0 
13.0 

~ 

1.7 
3.7 
2.5 
9.6 
3.2 

w2.4 
-

-
1.9 

Ref 

1 
1 
2 
3 
4 
5§ 
6* 
7* 
8 
8* 

Notes: Vh is the midpoint potential; k is the slope factor; („j and (p) signs denote para
meters of the negative and positive side of the bell-shaped plot, respectively; * approxi
mate values calculated from the published P o p e n - V curves; § - calculated from the e-fold 
change ss 10 mV; e.p. - excised patch; c.a. - cell-attached patch; [Ca] - the effect of high 
Ca concentration 

Ref.: 1 Hurňák and Zachar (this paper); 2 Hurňák and Zachar 1993; 3 Schlichter et al. 
1990; 4 Pahapill and Schlichter (1992); 5 McGill et al. 1992; 6 Kemp et al. 1993; 7 
Bettendorff et al. 1993; 8 Woll and Neumcke 1987 
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The probability plot is matched on the macroscopic level by relaxations of the 
ensemble average currents at appropriate voltage steps as demonstrated in Fig. 7A 
(quiescent cells) and Fig. 7B (myoballs). The mean currents show different rates 
of relaxation depending on the polarity of the voltage j u m p . The relaxation can 
be fitted by a single exponential according to the equation: 

i = aexp(—ť/r) + c (3) 

where i is current, ť is t ime, r is t ime constant of relaxation, a is current at t — 0 
and c is leak current. 

The relaxation was significantly slower in ensemble currents evoked by positive 
voltage displacements in the demonstrated examples. T h e sidedness, however, 
varied a great deal in different cells. The values of r (in the quiescent cell) were 
1910, 625 and 236 ms at negative, and 29900, 13500 and 971 ms at positive voltage 
steps (±20, ± 4 0 , ± 6 0 mV) respectively. The values of r in myoballs were lower 
(3648 ms at 20 m V and 53 ms at —20 mV in Fig. 7B) in accord with t h e P o p en 
versus V relationship (Fig. 6). 

1000 ms 

Figure 7. Ensemble averages of single-channel currents in excised patch at different 
potential steps in quiescent cells (A) and proliferating myoballs, respectively (B). Note 
asymmetry of responses to symmetrical voltage steps of opposite polarity from the holding 
potential of 0 mV. Five averaged current traces at every step. The repetition interval was 
15 s, the sampling interval 5 ms and the pulse duration 4750 ms. Symmetrical CI solutions. 
A: 150 mmol/1 CI"; B: Krebs solution. 
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F i g u r e 8. Segments of continuous records (25 6 s each) of unit cuirent activitv of t h e 
high-conductance channel at three m e m b i a n e potentials (quiescent cells) A + 1 0 m\ 
B + 4 0 m\ C + 5 0 m\ Channel openings aie upwaid with outwaid c u u e n t s (nivvaid 
moveme nt of C 1~ ions ' c closed s t a t e o open state Note seveial s i ibstates prefeienees 
t o be n a subs*ate fhckeiings fioni s i ibstates and burst ing ehaiactei of ehannel activitv 
C lianne ] ma\ rest in a subs ta te level foi seveial seconds Pipette 1 and b a t h both contained 
lr)() mmol/1 Na( 1 (0 > mmol/1 C aC b>) 
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Subconductance states 

As already mentioned at the beginning of this section (Fig. 1), the high conductance 

channel showed multiple substate levels tha t formed a characteristic feature of 

the channel behaviour at positive membrane displacements. Fig. 8 shows long 

duration single channel current recordings ( « 30 s) from an excised inside-out 

membrane patch at three membrane depolarizations (channel openings are upward, 

and currents are outward) . The channel was open most of the t ime at +10 mV 

(Fig. 8^4) and displayed frequent transitions between the open amplitude level and 

the base line. After about 5 s from the start (second row) the channel spent about 

4 s in a subconductance state with frequent flickerings to the closed level. At +40 

mV displacement of the membrane potential (Fig. 8B) the channel conductance 

fluctuated in long ( « 1 s) bursts between the open and the closed level. After about 

5 s (fifth row) the conductance started to fluctuate between a subconductance 

level and the closed state. At +50 mV (Fig. 8C) the channel conductance fell to 

this subconductance level after about 6 s from the start of recording with rare 

transitions to a closed level, but frequent flickerings in both upward and downward 

directions. 

F igure 9. Amplitude 
histogram constructed 
from continuous record
ings (1 min) of single 
channel currents at a 
membrane displacement 
of +20 raV from the hold
ing potential of 0 mV. 
The same membrane 
patch as in Fig. 8. At 
least two substate levels 
in addition to the full 
level can be recognized. 

0 5 10 15 20 

/ [pA] 

When the records like those in Fig. 8 were analysed for subconductance states, 

the most frequent substate level (Fig. 9) corresponded to about one third of th° 

main conductance level (the full open state) . The histogram shows also clearly a 

sublevel at about 2 /3 of the full open level. 
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Figure 10. Segments of long continuous single channel records from an excised patch 
with typical substates episodes Membrane potential was displaced from holding potential 
of 0 mV for the whole period of recording (1 mm) to +20 mV (A) +40 mV (B) +50 mV 
(C) Expanded parts of the record are shown below each trace Subconductance levels 
are indicated by dotted lines 
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By closer inspection of the records further sublevels can be encountered as well. 

Fig. 10 shows three expanded segments from the series of long records shown in 

Fig. 8. A number of new subconductance levels (in addition to those detected from 

histograms) can be easily recognized; e.g. the preferred final level in Fig. 8C can 

be easily subdivided into two sublevels (Fig. IOC). New sublevels were present also 

at two other depolarizations (+20 mV, Fig. 10A; +40 mV, Fig. 1 0 5 respectively). 

It follows tha t up to six distinct sublevels can be recognized in the records of maxi-

Cl channel activity in L6 myoblasts with an ampli tude of « 60 pS at [CI] = 150 

mmol/1. 

+60 mV 

-30 mV 

-50 mV 

2000 ms 

Figure 11 . The effect of holding potential on the rate of channel relaxation. Ensem
ble average currents from six consecutive unit channel responses to +60 mV. Holding 
potential: —50 mV and —30 mV, respectively. 

Voltage dependence of channel activation 

Fig. 11 demonstrates the effect of holding potential (HP) on the rate of relaxation 

of ensemble average currents to voltage steps of +60 mV. When the membrane 

potential difference was increased from —30 to —50 mV, the rate of relaxation 
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decreased three times, from 1.6 s _ 1 ( r = 625 ms) to 0.45 s _ 1 ( r = 2203 ms) in 
response to +60 mV voltage step. T h e effect was quite the opposite after the end of 
the test pulse; an increase of the rate of deactivation from 0.14 s"~x (at HP 
mV) to 1.46 s^ 1 (at HP = —50 mV) was observed. 

30 

OmV 
+10 mV 

-20 mV 

+60 mV 

A r 

B 

20 pA 

1000 ms 

Figure 12. The effect of conditioning prepulses on the channel activity. Ensemble 
average currents from six consecutive unit channel responses to +60 mV pulses. Holding 
potential was 0 mV. (A) conditioning pulse from 0 to +10 mV; (B) control record; (C) 
conditioning pulse from 0 to —20 mV. 

A similar effect can be demonstrated by means of conditioning pulses as shown 
in Fig. 12. A conditioning prepulse to —20 mV slowed down appreciably the t ime 
constant of relaxation (Fig. 12C) as compared with the ensemble average current 
in response to + 6 0 mV voltage step from the holding potential, HP = 0 mV 
(Fig. 12P); i.e. from 257 ms to 2512 ms, respectively. The effect of the prepulse 
of the same polarity ( + 1 0 mV) was less pronounced as follows from the record in 
Fig. 12J4; the number of six summated responses was not sufficient to obtain a 
curve smooth enough for determination of r (w 600 ms). 
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D i s c u s s i o n 

The main difference between the quiescent myoblasts, i.e. those at tached to the 

bo t tom of the culture dish, and the proliferating myoballs concerns the higher 

probability of incidence of maxi-Cl channels in patch clamp trials in rounded-up 

cells. It should also be noted tha t the maxi-Cl channels were present in myoballs in 

cell-attached patches as well, contrary to the opposite claims in li terature on large 

conductance CI channels. The higher incidence of maxi-Cl channels could mean 

tha t the density of channels in the membrane of proliferating myoballs increased in 

comparison with quiescent cells. The physiological significance of this fact might 

be looked for in a role of the high-conductance CI channels in the cell cycle and/or 

proliferation of the myoblasts. The proliferation was not synchronized in these 

experiments; the exact phase of the cell cycle of the observed cells is therefore 

difficult to ascertain. The membrane potential of the rounded myoballs was very 

low: this might indicate tha t the cells were mostly in the interphase, perhaps in 

the early G l phase; if we suppose tha t the changes in membrane potential during 

the cell cycle are similar to those cells, where the membrane potential was actually 

measured (Sachs et al. 1974). The membrane potential begins to rise, as follows 

from the above work, about the t ime that DNA synthesis begins. It remains to 

be elucidated whether the increased expression of maxi-Cl channels in rounded-up 

cells are causally related to the mitotic activity or represent only secondary events 

to the cell cycle metabolic changes. 

It is interesting to note in this connection the results of Takahashi et al. (1993). 

They found profound changes in C a 2 + dependent K + current during the cell cycle 

in HeLa cells, i.e. an increase of the K + current in the early Gi phase and a decrease 

of the K + current in the S phase of the cell cycle. The number and density of K + 

channels changed accordingly to changes in the K + current. How are these changes 

in the number of channels related to the cell cycle and /or proliferation, remains, 

however, to be shown. 

Another difference between the quiescent cells and myoballs concerns the prob

ability of the channel being in the open state in dependence on the applied negative 

and positive voltage step, respectively (Fig. 6). The bell shaped Po p en - V rela

tionship is asymmetric in bo th quiescent myoblasts and myoballs, respectively; 

the dependence on the voltage (V) is, however, substantially steeper in myoballs in 

comparison with quiescent myoblasts. Since substantially lower values of the Boltz

mann parameters were found in T lymphocytes (Table 1) in cell excised patches 

(Schlichter et al. 1990) in comparison with cell at tached patches (Pahapill and 

Schlichter 1992), the difference might be related to the internal side of the channel 

being in contact with the cell interior in cell-attached patches in T lymphocytes. 

As follows from the experiments (amphibian skeletal muscle) of Woll and Neumcke 

(1987), the steepness of the negative branch of the V - Pnpen curve shows a clear 



188 Hurňák and Zachar 

dependence on the ionic composition of the solutions. They found t h a t the mid
point potential V"h(n) was shifted t o more positive potentials in high [Ca] solutions 
and t o more negative potentials in high pH solutions. This fact could be however 
hardly responsible for the observed differences, as they were encountered in similar 
[CI] solutions. It might then be supposed that the discussed differences between 
the channel P o p e n - V parameters in excised patches of quiescent and proliferat
ing myoblasts are genuine and have to be perhaps searched for in differences of 
channel substructure. As follows from Table 1, very steep decay of maxi-Cl chan
nel inactivation was described by Kemp et al. (1993) in fetal alveolar epithelial 
cells which were open at large positive potentials and closed quickly in response to 
negative membrane potential displacements greater t h a n about 40 mV. It remains 
to be demonstrated, whether the asymmetric channel behaviour in the V - Popcn 

relationship represents a characteristic of the newly formed channels or channels 
during the development. 

The third difference concerns the value of the channel conductance which was 
some 70 pS higher in myoballs in symmetrical [CI] ( « 150 mol/1). The cause of 
this difference remains unknown. As a first step in trying to resolve this puzzle, it 
will be, however, necessary to repeat the measurements in parallel (not successive) 
experiments on both the quiescent myoblasts and proliferating myoballs. 

All other characteristics of high-conductance CI channels in quiescent and 
rounded-up proliferating myoballs were fairly similar and their quantitative pa
rameters fell within those encountered in other cell membranes. 

It follows from Fig. 3 t h a t the ionic fluxes through the high-conductance anion 
channel saturate as ionic concentrations are raised well above their physiological 
levels. This is a clear indication t h a t the permeation of Cl~ ions through the chan
nel deviates from the independence principle. A similar behaviour was observed in 
maxi-Cl channels in T lymphocytes (Schlichter et al. 1990) with gmAX = 581 pS 
and Km = 120 mmol/1 under comparable experimental conditions. 

The reversal potential measurements indicated t h a t the P N A / P Q \ was about 
0.1, in agreement with d a t a obtained in other chloride channels (e.g. Franciolini 
and Nonner 1987). Similar P^A/PCI values (0.1-0.2) were already found in maxi-Cl 
channels by Gray et al. (1984) in cultured Schwann cells, by Nelson et al. (1984) 
in epithelial cells, and by Schwarze and Kolb (1984) in chicken myotubes. The 
n a t u r e of permeation in chloride channels might be thus imagined to be similar 
as suggested for anion channels by the latter authors: i.e. by means of activated 
complex in the selectivity region which includes an adsorbed cation to a negatively 
charged group and the permeating anion. 

The channel conductance reaches the theoretical limits (Hille, 1992) of con
ductances calculated using Ohm's law and the diffusion equation. This is based on 
the assumption that the channel represents a uniform structure and not a cooper
ative ensemble of subunits which consti tute the channel. The latter interpretation 
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could be assumed from the characteristics of subconductance states of the large-
conductance chloride channels, which are a common property of these channels. 
Several substates (1-16) were demonstrated in this type of CI channels (Gray et. 
al. 1984; Geletyuk and Kazachenko 1985; Krouse et al. 1986; Bolotina et al. 
1987; Woll et al. 1987; Schlichter et al. 1990; Becq et al. 1992; Groschner and 
Kukovetz 1992; Hurňák and Zachar 1992, 1993; McGill et al. 1992; Olesen and 
Bundgaard 1992; Kemp et al. 1993). Our finding of several conductance levels 
could be hardly ascribed to a single population of uncoordinated, stochastically ac
tive 60 pS channels. Such a model can be ruled out by the observed characteristics 
of the openings and the statistics of their occurrence (Läuger, 1985; Fox, 1987). 
First, if openings resulted from the random simultaneous super-position of two to 
six 60 pS channels, the frequency of appearance of the progressively larger conduc
tances should approximate an inverse power series with extremely small chance of 
appearance of the maximum pS level. Second, random superposition would only 
rarely result in smooth transitions to a large conductance level, whereas we have 
routinely observed such transitions (Fig. 10). Substates could be expected from 
certain interpretations of ion channel models that visualize closure as resulting 
from a helical twisting (Catterall, 1988; Millhauser, 1990) or tilting (Unwin, 1989) 
of the pore-forming subunits. If we assume that in the open state, a polar region 
of an amphipathic transmembrane helix covers the wall of the aqueous pore, then 
the twisting motion of the subunits could move nonpolar groups into the channel, 
and thus occlude it. Bennett et al. (1991) have elaborated such a model for the 
connexon, which behaves in many respects - e.g. by Popen _ V relationship - like 
large-conductance CI channels. It was even suggested that porins might form the 
biochemical basis of the large-conductance CI channels (Babel et al. 1991; Thinnes 
1992). If a similar model was applied to the functioning of the maxi-Cl channel, 
one had to postulate that the fully open sa 360 pS channel has each of its six sub-
units free to twist independently of the other five. The assumption of six subunits 
forming the basis of channel behaviour is, however, as yet difficult to reconcile with 
the varying number and values of subconductance levels as well as with values of 
small conductance unit channel activity (~ 20 mV) which is thought to form a 
starting component of the full-grown maxi-Cl channel. 

Small conductance unit channel currents which preceded the onset of a full-
grown maxi-Cl channels were observed, however, only rarely. The main reason why 
we assume that they are causally related to the large-conductance CI channels is 
the fact that they developed always into large conductance CI channels. They are 
short-lived events; it was even difficult to obtain a current-voltage relation of these 
units because of their short life span. Second, we never observed their activity when 
the maxi-Cl channels were deactivated. In a recent paper Bettendorff et al. (1993) 
were able to activate these small conductance channel units preceding the onset of 
full-amplitude maxi-Cl channels by thiamine triphosphate, a novel activator of the 
maxi-Cl channels. 
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The bell-shaped steady state open channel probability - voltage relationship 
represents a common property of several classes of channels, e.g. gap junctional 
channels (Wang et al. 1992; Chen and DeHaan 1992), porins (Jap and Walian 
1990; Benz et al. 1992) and/or VDAC channels (Thinnes 1992) and belongs with 
the high values of channel conductance to the essential characteristic features of 
the maxi-Cl channels (Woll and Neumcke 1987; Schlichter et al. 1990; Pahapill 
and Schlichter 1992; McGill et al. 1992; Groschner and Kukovetz 1992; Hurňák 
and Zachar 1993; K e m p et al. 1993; Bettendorff et al. 1993). 

Two alternative models have been proposed (Harris et al. 1981) for the gating 
of t h e type represented by the bell-shaped type of P o p en - V behaviour, i.e. an 
independent gating model and a contingent model, respectively. The latter model 
assumes that the closed gate of the polarized channel has to open before the other 
gate in series can open. This view seems to be corroborated by the experiments 
with conditioning prepulses and/or variation of the holding potential (Figs. 11 and 
12), which indicate t h a t the gates are reciprocally related. This assumption is 
expected to be tested in further experiments. 
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