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Arachidonic Acid Blocks Large-Conductance 
Chloride Channels in L6 Myoblasts 

J. ZACHAR and O. HURŇÁK 

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

Abstract . Modulation of high-conductance chloride channels by eicosanoids, stil-
bene derivatives and Z n 2 + ions was studied in cultured myoblasts (L6 rat muscle 
cell line) in excised and cell-attached membrane patches using a conventional patch 
clamp method. 

Arachidonic acid (AA) blocked the channel at concentrations 1 - 5 0 //mol/1 
from the internal side of t h e membrane in excised (inside out) patches with a t ime 
constant of about 20 s. T h e block was absent when arachidonic acid was applied to 
the bathing solution in cell at tached patches, or to the pipette solution, respectively. 

Arachidonic acid changed the probability of the channel being in the open 
state (Fopen) hi dependence on the applied voltage (V). The asymmetric bell-
shaped P o p en - V relationship showed a steeper dependence on both the negative 
and positive voltage, respectively, in arachidonic acid solutions. The midpoint 
potentials (V/,) of the P0pen - V relationship were shifted towards lower membrane 
potential displacements from the holding potential . 

The recovery from the block was very slow but was found to be enhanced by 
application of a symmetric voltage ramp pulse. 

The stilbene derivative (DIDS) blocked the channel at ^rinolar concentrations 
(10-100 ^tmol/1) applied from the internal side of the membrane. The onset and 
recovery of the DIDS block showed characteristics similar to the AA block. 

The channel was found to be blocked reversibly by short application of Z n + 

ions (1-10 mmol/1) from t h e internal side of the membrane. 

K e y words: Chloride channel — Large conductance channel — Maxi-Cl channel 
— Anion channel — Muscle cell line — 1.6 myoblasts — Stilbene derivatives — 
DIDS — Zn ions — Arachidonic acid — Patch d a m n 
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I n t r o d u c t i o n 

The-large conductance chloride channels are blocked by several drugs and agents. 
Most blockators are, however, non-specific, as they are known to affect also other 
channels and/or membrane t ransport systems (i.e. stilbene derivatives or Z n 2 + ) . 
Few physiological modulators of large-conductance chloride channels have been so 
far suggested, i.e. substances which were natural products of physiological pro
cesses (Kemp et al. 1993; Bettendorf et al. 1993). Such substances, if verified 
and/or discovered, would narrow t h e possibilities, so far suggested for the func
tional significance of the maxi-Cl channels. 

With this aim in mind we tested the effects of arachidonic acid, which makes 
up a major component of membrane phospholipids (Irvine 1982), on the maxi-Cl 
channel activity in L6 myoblasts. Arachidonic acid is known to st imulate or inhibit 
directly and indirectly a number of channel types in a variety of cells (for a review 
see Ordway et al. 1991). Although the evidence concerns mostly the exogenously 
applied arachidonic acid, there is also evidence that arachidonic acid liberated by 
agonist stimulation, and the active metabolites that are generated subsequently 
(Axelrod 1990). participate in the regulation of ion channels (Piomelli et al. 1987; 
Kurachi et al. 1989). 

In this paper we describe at first the effects of arachidonic acid, which turned 
out to be a potent blockator of maxi-Cl channels from the internal side of the 
membrane, and then the effects of two common blockators of maxi-Cl channels, 
the stilbene derivatives and the Z n 2 + ions. 

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

Solutions. The standard bath contained a Krebs solution consisting of (mmol/1): 135 
NaCl; 5 KC'l; 1 CaCl2; 1 MgCl2; 20 HEPES; 5 glucose; pH 7.4 at 23°C or physiological 
solution: 150 NaCl; 0.5 CaCl2; 20 HEPES; pH 7.4. In most experiments the pipette 
solution was the same as that in the bath solution. The blocking agents were added to 
the standard bath saline at indicated concentrations. 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. 
Intioduction of the patch pipette into the capillary by means of two micromanipulators 
(for perfusion pipette and patch pipette respectively) was followed on the screen of a TV 
monitor connected to a microscope video system. This procedure allowed close control of 
the solution bathing the intracellular surface of the excised membrane and safe exchange 
of solution without mechanical disturbances and release of the seal. This was a threat in 
cell-attached patches, when the whole bath solution was being exchanged. The perfusion 
pipette was situated close to a three-way tap; the dead time of exchange was about 10 
s. Arachidonic acid (AA) was initially dissolved in 1009? ethanol, and all experimental 
dilutions were at a final ethanol concentration of 0.1% (vol/vol). Ethanol (0.1%) alone 
did not alter basic characteristics of the channel unit activity. The stilbene derivative, 
DIDS (4,4'-diisothiocyanatostilbene-2,2'-disulphonic acid) was purchased from Sigma (St. 
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Louis, MO, USA). Z n 2 + solutions were used with CI anion and required slight pH ad
justment. 

Cells. The stable rat muscle cell line L6 was used for patch clamp experiments. The 
procedures of culture maintenance and manipulation before and during experiments are 
described elsewhere (Hurňák and Zachar 1994). The measurements were mostly made on 
rounded-up proliferating myoballs. 

Electrophysiology. 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) and shortly by Hurňák and Zachar (1994). Voltage-dependence 
of channel activation was determined as described in detail elsewhere (Hurňák and Zachar 
1993). Fitting of the Po;„ „ - \' relationship and drawing of three dimensional graphs from 
the records was performed by means of protocols written in Mathematica 2.1 software 
(Wolfram Research. Champaign, IL, USA). Voltages represent pipette potentials. 

R e s u l t s 

The effect of arachidonic acid 

Fig. 1 demonstrates the inhibitory effect of 25 /miol/1 arachidonic acid (AA) on the 
unit current records in L6 myoblasts (right-hand column; panels C, D). The patch 
membrane contained several (at least 5) maxi-Cl channels activated by repeated 
± 2 0 mV pulses ( « 5 s in durat ion) in Krebs solution (left-hand column; panels A 
and B ). Fig. IA demonstrates 5 unit current records to positive pulses and Fig. IB 
the same number of records to negative pulses, respectively, from the holding po
tential, HP = 0 mV in symmetrical chloride solutions ([CI] = 147 mmol/1; Krebs 
saline). The unit channel activity was considerably depressed after introduction 
of the AA solution (25 /.tmol/1) to the excised (inside-out) patch membrane. Five 
records in Fig. 1C and Fig. I D are from a long series of recordings starting at 
about 1.5 min after introduction of arachidonic acid to the macroptpette bathing 
the patch pipette with the excised membrane. 

The ensemble average currents from recordings demonstrated in Fig. \A — D 
are shown in panels l a — d. It is evident that the responses (Fig. la ,b) to sym
metrical positive and negative pulses in symmetrical Krebs solutions show typical 
asymmetry, as far as the inactivation of the summated chloride current is con
cerned. The ensemble CI current to +20 mV pulses (a) did not inactivate at all 
and t h a t to —20 mV pulses (b) inactivated with a t ime constant of 2.6 s. After 
about 1.5 min the ensemble CI currents were considerably decreased. The inward 
CI current (c) shows in addition inactivation, whilst the outward CI current (d) 
was maintained at a plateau of about 15 pA. By inspection of the records (D) it 
could be easily recognised that the plateau is due to a delay in activation of the 
two channels which were not blocked. 

The complete course of the AA block development (25 /iinol/1) is shown by 
three dimensional graphs in Figs. 2A and 2B. The ./• axis gives the distribution 
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Figure 1. Single-channel cuirents recorded from an excised patch (inside-out) of a pio-
hferating Lb myoblast m control Krebs solution ( 4 B a b) and 1 5 mm aftei addition 
of aiachidomc acid (25 ^mol/1) to the Kiebs solution (C, D c d) lespectively A — D 
Five consecutive single-channel current traces to repeated command potentials of ± 20 
mV and 4750 ms in duration applied at 10 s mtei\als The holding potential was 0 m\ 
n — d Ensemble a\eiagts of single-channel cunents fiom the íecoids shown in 1 — D 

of tu i ient amplitudes (pA) m response to successive negative (A, a) and positive 
(B, b) 20 mV pulses, respectiveh The zeios of the J axis repiesent the closed 
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Figure 2. Three-dimensional (A — B) view of successive unit channel current records to 
repeated negative (A) and positive (B) 20 mV pulses during the development of arachi
donic acid block in an excised patch membrane containing up to 5 maxi-Cl channels, x 
axis: distribution of unit channel currents in pA; y axis: sequence of successive episodes; 
z axis: number (N) of events at corresponding current amplitudes. Two-dimensional pro
jections of A and B on the x — y plane are shown in a and b. The height of current 
peaks (N) is represented by different colors (see color scale). Left arrows (<—) indicate 
introduction and right arrows (—+) withdrawal of arachidonic acid respectively from the 
bathing Krebs solution. Ice blue color: control Krebs solution; hot pink color: 25 ^tmol/1 
arachidonic acid Krebs solution. 

state of the channel. The y axis gives the succession of responses to the applied 

pulses (episodes) and can be easily transformed into a time axis by multiplying the 

episodes with the repetition interval (as shown in Fig. 3). The z axis shows the 

number of events (AT) at given current amplitudes. The change to a new bathing 

solution is denoted by a change of color of the crossed base plate of the 3D graph. 

Records in 25 //mol/1 arachidonic acid solution are shown in hot pink color. Ice 
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Figure 3. Bar chart presentation of the arachidonic acid block development. Ordinate 
(pA): individual bars represent averaged amplitudes of the unit channel currents to single 
negative (downwards) and positive (upwards) 20 mV command pulses, respectively. Ab
scissa: time in min from the start of recording. Arrows indicate introduction (downwards) 
or withrawal (upwards) of arachidonic acid from the internal side of the membrane. 

blue color denotes control Krebs solution. Figs. 2a and 26 are two-dimensional 
projections of the above three dimensional graphs t o show the shift in distribution 
of the unit channel currents with t ime and/or successive records (episodes). The 
height of peaks (N) in A and B is represented in the x — y projections by scaled 
colors. The development of the block by arachidonic acid manifests itself by the 
shift of channel currents towards lower and eventually up to zero values. The 
graphs also conclusively demonstrate (especially Figs. 2 a and b ) tha t the block in 
arachidonic acid ensues with a delay of several tens of seconds, and that the block 
is not reversible. The time relations of the block development are best seen in 
Fig. 3. The bars represent summated currents in each episode to positive (upward) 
and negative (downward) pulses, respectively. The application and withdrawal of 
arachidonic acid (25 /umol/1) are denoted by arrows. As follows from the graph, 
t h e channel block developed with a relatively long t ime constant and did not reach 
t h e final blocked level before the exchange of AA solution for Krebs solution. The 
development of t h e block continued even in the recovery Krebs solution. The 
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F i g u r e 4 . Development of arachidonic acid block in an excised pa tch membrane con
ta ining 1 maxi-Cl channel at the s ta r t of the experiment . Single channel currents to + 2 0 
m V pulses (4750 ms in dura t ion applied at 10 s intervals). A. Three-dimensional graph 
wi th axes as described in Fig. 2. Ice blue color indicates records in Krebs solution, faded 
pink color indicates records in arachidonic acid (2.5 /^mol/l) containing Krebs solution, 
hot pink color indicates records in 25 /imol/1 arachidonic solution. Note act ivat ion of the 
second maxi-Cl channel dining recovery after application of a l amp pulse (from —40 to 
+ 4 0 mV) preceeding the episode shown in black. Both channels were inhibited by the 
second application of A A (25 /xmol/1). B. Two-dimensional project ion of graph A on 
the x — y plane. The height of current peaks (AQ is represented by different colors (see 
color scale). Arrows (+—) indicate in t roduct ion of tes ted solutions. AA - arachidonic acid 
Krebs solution; 2.5 and 25 ^ m o l / 1 , respectively. 
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recovery from the channel block is very slow, but can be enhanced by application 
of voltage ramp pulses as will be demonstrated later in this section (Fig. 4). 

A noticeable block was already observed at a concentration of arachidonic acid 
[AA] = 1 /imol/1, and a complete block was observed at [AA] = 25 fimol/l. Higher 
concentrations ([AA] = 50 /imol/1) were definitely supramaximal. 

Fig. 4 shows a complete block by 2.5 /jmol/1 of AA in a patch membrane with 
one activated maxi-Cl channel at the start of the experiment. The channel showed 
in Krebs solution several substates and flickerings as evident from the amplitude 
distribution between 0 and 10 pA. Soon after the introduction of AA containing 
Krebs solution (faded pink color) the unit activity disappeared. After 30 episodes 

/[pA] /[pA] 

100 

HO 

60 

40 

20 

' ' 
•r 

- L W 

<•* 

l 

m 
!• * $ 

**-

S 
• 

HP 
"Sfc. 

» 

, 
*<W-

^ s , . 

r r 0 

300 

600 
10 15 

/[pA] 

F i g u r e 5. Three-dimensional graphs (̂ 4 — B) and their two-dimensional projections 
(a — b) showing the absence of unit channel current modulation by arachidonic acid (2.5 
and 25 /jmol/1). One maxi-Cl channel in the patched membrane. Left (<—) arrows denote 
introduction of specified solutions as discussed in the text. Ice blue color indicates records 
in Krebs solution, faded pink color indicates records in arachidonic acid (2.5 /niiol/l) 
containing Krebs solution, hot pink color indicates records in 25 /.nnol/l arachidonic acid 
solution, magenta light color indicates records in 2.5 /u.mol/1 arachidonic solution after 
addition of prostaglandin El . The height of current peaks (N) in two-dimensional graphs 
is represented by different colors (see color scale). 
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the AA solution was exchanged for control Krebs solution (ice blue) with the result 

t ha t only few substates recovered. The channel unit currents recovered, however, 

soon after application of a ramp pulse (from —40 to +40 mV) applied just before 

the exchange of solutions. The first response after the ramp pulse is shown in black. 

The supernormal recovery after the ramp pulse manifests itself by activation of the 

full amplitude second maxi-Cl channel, the presence of which was indicated at 

the start in Krebs solution by fibrillations as found in the eighth episode. These 

responses were inhibited after application of 25 /miol/1 A A (hot pink color). The 

s tar t of inhibition is characterized by decomposition of the CI currents to several 

substates and flickerings (52nd episode). 

We observed in some cases tha t the maxi-Cl channel was resistant to the 

arachidonic acid block (Fig. 5). Pannels A, B, a, b of this figure are constructed 

in the same way as those demonstrated in Figs. 2 or 4 except for the fact tha t 

the base line was not subtracted from the records; the closed state line is therefore 

shifted few pA towards negative (A) or (B) positive current values. Only one 

channel was present in the patched membrane in the demonstrated experiment. It 

is evident that there was no change in the current responses to ±20 mV pulses after 

application of 2.5 /nnol/1 arachidonic acid (10th episode) or 25 mmol/1 AA (85th 
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Figure 6. Voltage dependence (V) of the steady-state probability (Popen) of the channel 
being in the open state in control Kiebs solution (A) and after application of arachidonic 
acid (2.5 /Limol/1) (B), respectively. The same patch membrane as shown in Fig 5. The 
curve was fitted as the sum of two Boltzmann equations with the following coefficients; 
A: \"h = —44.8 mV and k = —5.b, respectively, for the negative side and +49.6 mV and 
+ 15.8 for the right side; B: I h = —22.6 mV and k = —4.9, respectively, for the negative 
side and +42.1 m\ and +12.9 foi the light side. 
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episode), respectively. (The negative effect of 0.5 /miol/1 prostaglandin E l , which 
was added (magenta light color) to the AA solution at about the 30th episode is 
not discussed in this paper) . 

One of the possibilities how to explain this observation, as well as the sudden 
recovery of the AA block by voltage ramps, is offered by the assumption that the 
arachidonic acid changes the voltage dependence (V) of the steady-state probability 
of t h e channel (PQ) being in the open state. Fig. 6 shows the voltage dependence 
of t h e probability (PQ) of the channel in the main open state, which was computed 
from 10 sunimated records of the channel activity to voltage ramp pulses from +10 
to —60 mV and —10 to +60 mV, respectively, in Krebs solution (Fig. 6A) and in 
Krebs solution containing 2.5 mmol/1 AA (Fig. 6B; measured at the end of the first 
AA trial shown in Fig. 5). Arachidonic acid shifted the midpoint potentials {Vh) 
to lower values both in the negative and positive range of potentials with a small 
decline in the slope factor (kn). The amplitudes of the pulses ( ± 2 0 mV) are in the 
range of the bell-shaped relation, even if at the very border, which did not change 
in AA solutions. The block restoring effect of rani]) pulses might be explained, if 
the effect of conditioning pulses, as described in the previous paper (Hurňák and 
Zachar 1994) is taken into account. 

The blocking effect of stilbene derivatives (DIDS) 

Fig. 7 shows the effect of stilbene derivative DIDS (4.4'-diisothiocyanato stilbene-
2,2'-disulphonic acid) on the activity of the high-conductance CI channel in bottom-
attached L6 myoblasts. Panel .4 (first column) shows 4 out of 10 records of unit 
currents to repeated —30 mV voltage steps in control Krebs solution. The patch 
contained several (at least 4) maxi-Cl channels which inactivated fairly quickly 
at these membrane voltage steps, as evident from ensemble average membrane 
currents (» = 10) in the first column of panel B. The panel also shows the ensemble 
average currents to positive 30 mV voltage steps. After 2 min the flowing solution in 
t h e perfusion pipette enclosing the patch pipette was exchanged for Krebs solution 
containing 100 //mol/1 DIDS. The sequence and duration of solution exchanges is 
demonstrated graphically in panel C. The records in the middle column of panels A 
and B were taken 5 min after introduction of the DIDS containing saline. There is 
a substantial reduction of ensemble average currents (B) to —30 mV voltage steps 
and practically almost complete disappearance of unit currents to + 3 0 mV voltage 
displacement. The blocking effect of DIDS took place slowly with a t ime constant 
of 1-2 min as evident from the average amplitudes of the unit channel currents 
which were monitored continuously during the experiment by applying pulses of 
opposite polarity with 10 s interpulse interval. The recovery from 100 //mol/1 DIDS 
was slow as demonstrated in right-hand columns in panels A and B. as well as by 
panel C. The continuous record in panel C shows also an interesting phenomenon 
which was repeatedly observed, i.e. a sudden recovery of the amplitudes of unit 
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F i g u r e 7. T h e effect od sti lbene derivative D I D S (0.1 mmol/1) on single-channel currents 
recorded from an excised p a t c h (inside-out) of an L6 myoblast in control Krebs solution. 
5 min after addi t ion of D I D S and 5 min after re introduct ion of Krebs solution. .4: Four 
consecutive single-channel current t races t o repeated c o m m a n d potent ia ls of —30 m V 
and 1998 ms in durat ion applied at 5 s intervals. T h e holding potent ia l was 0 mV. B: 
Ensemble averages of single-channel currents t o ± 30 m V pulses as part ial ly shown in A. 
C: T h e bars represent average currents t o successive positive and negative 30 m V pulses 
dur ing t h e whole experiment t o show t h e development and recovery from t h e D I D S block 
(see t h e inset d iagram). T h e arrow indicates t h e applicat ion a r a m p pulse. 
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currents after application of a voltage ramp pulse from —60 to ± 6 0 mV in 4s. 
T h e phenomenon could be related to a similar effect observed with the relieve of 
the arachidonic acid block and the effect of conditioning prepulses as described 
elsewhere (Hurňák and Zachar 1994). 

A noticeable effect of DIDS was already observed at a concentration of 10 
mmol/1 and increased with increasing concentration of this silbene derivative; the 
concentration of 100 mmol/1 seems to be maximal. 

The blocking effect of Zn~+ ions 

Fig. 8 demonstrates the blocking effect of Z n 2 + ions (1 mmol/1) on single channel 
currents to repeated membrane potential displacements (—20 mV; 2 s in dura
tion) from the holding potential of 0 mV in symmetrical physiological solutions. 
T h e t ime dependent inactivation of the channel activity at this membrane poten
tial displacement was small and t h e channel remained in a s tate of a continuous 
activity showing frequent transitions from the open to closed s tate (A). Few min
utes after addition of the Z n 2 + ions (1 mmol/1) t h e channel fluctuations abrupt ly 
disappeared (the block ensued) without any previous change of the unit current 
ampli tude (B). After reintroducing the control saline (physiological solution; see 
Materials and Methods) the channel activity reappeared (after about 5 min), but 
t h e amplitude of unit currents was smaller (C) t h a n in controls before the s tart 
of the experiment. The full ampli tude of single channel currents was recovered 
after few tens of min (D). It seems evident, upon inspection of the records during 
recovery, that the reduced current amplitudes can be rather ascribed to a lowered 
channel conductance t h a n to an activity of the channel on a smaller subconduc-
tance level. The blocking effect of Z11CI2 ions on single channel currents to positive 
20 mV pulses (alternately applied with negative pulses) was similar (not shown); 
in spite of the fact that the single channel current rested more frequently in the 
open state. 

Fig. 9 shows the effect of 5 mmol/1 Z11CI2 on the channel unit currents in an 
excised (inside-out) patch that contained three large-conductance chloride chan
nels and was subjected alternately to voltage steps of ± 4 0 mV from the holding 
potential of 0 mV. Fig. 9̂ 4 shows five successive unit current records to voltage 
steps in hyperpolarizing direction before, during and after exposure to 5 mmol/1 
Z11CI2 added to the basic saline. T h e corresponding ensemble average currents ob-

Figure 8. Four panels (A- D) of consecutive single-channel current tiaces (cut from long 
continuous recordings) to repeated command potentials of —20 mV and 2 s in duiation 
applied at 10 s mteivals. The holding potential was 0 111V. .4: in control solution: B: 5 
min aftei addition of Zn" + ions (1 mmol/1); C: 4 min aftei withdrawal of Zn" + ions. D. 
15 min after withdiawal of Zir~ ion.-, 
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tained from 5 consecutive depolarizing and hyperpolarizing current responses are 

demonstrated in Fig. 9B. Three channels were activated in depolarizing direction, 

but only two in the hyperpolarizing direction. The most conspicuous change in 

responses to hyperpolarizing pulses was the inhibition of the second channel in the 

patch and prolongation of relaxation of the single channel activity, which remained 

active. The recovery from the blocking effect of Zn" + was accompanied by facilita

tion as manifested by activation of the third channel in the patch membrane; the 

relaxation of the ensemble current was, however, accelerated. The blocking effect 

of Z11CI2 ions is also evident on channel currents in the opposite direction, in spite 

of asymmetry of the response to negative and positive voltage steps. The num

ber of responding channels was reduced and the t ime constant of relaxation was 

prolonged. During the recovery the relaxation of the ensemble average currents to 

positive voltage steps was accelerated. 

Fig. 9C shows the average amplitudes of responses during single depolarization 

steps from 0 mV to ±30 mV in each condition; i.e. before, during and after the 

application of Zn~+ ions. The gaps in the record are due to cessation of recording 

to avoid the mains interference when preparing the exchange of solutions. 

We did not find any significant change in the single-channel current amplitude 

in the presence of 5 mmol/1 Z11CI2 in this particular experiment, indicating that 

the inhibitory effect was due to reduction of the active channels in the patch mem

brane. The one channel containing patch (Fig. 8) is evidently more suitable for 

demonstration of the conductance change. Further increases in the concentration 

of Z11CI2 to 10 mmol/1 rendered CI channels completely silent even in patches with 

multiple channels (not shown) and washing out Zn 2 + then partially restored the 

activity of all channels. These results indicate that Zn ions reversibly block CI 

channel from intracellular face. 

Discuss ion 

The effect of arachidonic acid 

The direct blocking effect of arachidonic acid on large-conductance chloride chan

nels represents a novel finding. Direct regulation of several types of ion channels 

by arachidonic acid and other fatty acids has been, however, demonstrated in a 

variety of cells (for review see Ordway et al. 1991). Direct effects are those which 

Figure 9. (continuation) B. Ensemble average currents (5 records) to ±40 mV voltage 
pulses obtained in the absence and the presence of Zn"+ ions. The membrane patch 
contained 3 channels. C. Average amplitudes of the unit channel currents during a singf 
depolarizing command pulse to +30 and —30 mV respectively in each condition (0 Zir~, 
5 Zir+, 0 Zn2 +). 
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do not depend on the conversion of arachidonic acid to a variety of active oxy
genated metabolites (Needleman et al. 1986). which then activate ionic channels. 
The patch-clamp technique allows to demonstrate the direct effects of arachidonic 
acid in a straightforward way, as the necessary machinery for conversion of the 
fatty acids in the lipoxygenase, cyclo-oxygenase or cytochrome P-450 pathway is 
absent in excised and superfused inside-out membrane patches. 

T h e inhibitory effect of fatty acids on Cl~ channels at micromolar concentra
tions was first demonstrated in airway epithelia (Anderson and Welsh 1990; Hwang 
et al. 1990). The Cl~ current block by arachidonic acid was recently described also 
in intestinal epithelial cells (Kubo and Okada 1992). Sakai et al. (1992) found, 
on t h e contrary, activation of small-conductance CT~ channels in parietal cells of 
gastric glands. These differences can be plausibly explained on the assumption that 
different types of Cl~ channels possess different epitopes for fatty acid interaction 
with the channel itself or an associated protein. There are at least four distinct 
kinds of Cl~ channels in epithelial cells (Franciolini and Nonner 1987: Hille 1992) 
which are to be considered in this connection: (a) the Cl~ channel with very small 
conductance (1-3 pS) (Evans and Marty 1986); (b) the small-conductance Cl~ 
channel (4-11 pS) activated by cyclic A M P (most probably identic with C F T R , 
cystic fibrosis t ransmembrane conductance regulator; Anderson et al. 1991); (c) the 
intermediate-conductance Cl~ channel (25-75 pS) (Li et al. 1988); (d) the large-
conductance Cl~ channel (Krouse et al. 1986). The above mentioned inhibitory 
effects of fatty acids concern the outwardly rectifying, intermediate-conductance 
Cl~ channels. The activation of Cl~ channels (Sakai et al. 1992) by arachidonic 
acid concerns, on the other hand, the very small-conductance Cl~ channel and the 
effect is indirect as the activation was achieved by products of arachidonic acid 
metabolites as well. 

T h e inhibitory effect of arachidonic acid on maxi-Cl channels in L6 myoblasts 
took place when the arachidonic acid was applied from the intracellular side of 
the membrane, and not from the extracellular side. This strict asymmetry of the 
effect was observed also in other preparat ions (Kim and C l a m p h a m 1989; Anderson 
and Welsh 1990), but a more common finding is represented by a modulatory 
effect from both sides of the channel, e.g. in excised inside-out and outside-out 
patch membranes containing K + channels (Ordway et al. 1989). Variation of the 
membrane target side of the arachidonic acid action might be possibly related to the 
role of this messenger system also in the intercellular communication (Mochizuki-
Oda et al. 1993; Fraser et al. 1993). 

T h e development of arachidonic acid block was characterized by changes in the 
dependence of the probability of the channel being in the open state on voltage. 
At submaximal concentrations the arachidonic acid shifted the midpoint potentials 
(Vh) to lower values both in the negative and positive range of potentials with the 
result that the currents to smaller displacements of membrane potential remained 
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intact, but those to larger membrane displacements were blocked. A similar kind of 

block of maxi-Cl channels was observed recently in inside-out patches from freshly 

isolated fetal type II alveolar epithelial cells after bath addition of G T P 7 S (100 

/zmol/1), a nonmetabolizable analog of G T P (Kemp et al. 1993). The midpoint 

potential of the negative branch of the Boltzman plot was shifted in these experi

ments about 20 mV closer to the holding potential similarly as in our experiments. 

It might turn out tha t both blocking agents have a common basis if it is assumed 

tha t the maxi-Cl channel in fetal alveolar cells is coupled to the G protein by means 

of fatty acid metabolism (Kurachi et al. 1989). It must be, however, explained why 

the large conductance anion channels in a renal epithelium are, on the contrary, 

activated by G T P 7 S (Schweibert et al. 1990). 

The concentrations of the exogenously applied arachidonic acid that modu

lated the maxi-Cl channel in L6 myoblasts are in the same range as those used 

for the inhibition and/or activation of different kinds of channels (ranging from 1 

to 100 /iinol/1). These exogenous concentrations are similar to those that produce 

sufficient metabolites to emulate the activation of channels by agonists (Ordway et 

al. 1991). In proliferating cell culture conditions the endogenous arachidonic acid 

is most probably released from phospholipids in myoblast membranes by the action 

of phospholipases activated by agonist-stimulated membrane receptors or by some 

unknown intracellular factor related to the cell cycle metabolism. The arachidonic 

acid and fatty acids are in great abundance and strategically well located to be 

able to play a role of second messengers tha t regulate the maxi-Cl channels. The 

closure of the maxi-Cl channels by arachidonic acid, which is locally produced, 

might represent an efficient way to exclude the short-circuiting mechanism of the 

maxi-Cl channels on the resting membrane potential and thus modulate a number 

of cellular processes dependent on the membrane potential. Alterations of mem

brane potential (hyperpolarization) by arachidonic acid and other fatty acids were 

recently demonstrated using membrane-potential sensitive fluorescent dye in PC12 

and bovine adrenal chromaffin cells (Ehrengruber et al. 1993). 

The arachidonic acid block was compared with the effect of two groups of 

agents, which were shown to block the maxi-Cl channels in a number of cells, i.e. 

the stilbene derivatives and Z n 2 + ions. 

The effect of stilbene derivatives 

The disulfonic stilbene derivatives, DIDS and SITS were widely used as blockators 

of large-conductance chloride channels since their first use for this purpose in A3 

epithelial cells (Nelson et al. 1984). They are, however, non specific blockators 

as they block a number of chloride transport ing systems as well, including other 

kinds of CI" channels (White and Miller 1979; Inoue 1985; Gray and Ritchie 198d; 

Gogeleiu 1988; Christensen et al. 1989) and anion exchangers (Rothstein et ah 

1976; Knauf 1979). It is interesting to note in this connection tha t the maxi-Cl 
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channels can be blocked by furosemide assumed to block t h e N a + / C l ~ cotrans-
porter (Christensen et al. 1989). Block of maxi-Cl channels by stilbene derivatives 
varies to a great extent in different cell membranes. First of all, there are different 
sensitivities of the maxi-Cl channels t o the intracellular and t h e extracellular ap
plication of the drug in different preparations. The absence of intracellular block 
of maxi-Cl channels by DIDS was demonstrated in adult skeletal muscle cells (with 
m a x i m u m blocking extracellular concentration of DIDS, [DIDS] e « 200 ywmol/1) 
(Woll et al. 1987) and the prevalence of extracellular block over the intracellular 
block was observed in T lymphocytes (Pahapill and Schlichter 1992), in endothelial 
cells (Groschner and Kukovetz 1992), and A6 epithelial cells (Nelson et al. 1984). 
A converse situation was reported to exist in A7r5 myoblasts (Kokubun et al. 1991) 
with [DIDSJe ~ 1 mmol/1 and [DIDS]i ~ 5 /imol/1 (the threshold intracellular con
centration of DIDS), in a mouse B lymphocyte cell line (Bosnia 1989), as well as in 
L6 myoblasts, as follows from our experiments described in this work. In spite of 
these differences the blocks of maxi-Cl channels by stilbene derivatives in different 
cells share a number of common properties. The block is usually characterized (e.g. 
Kokubun et al. 1991; Pahapil l and Schlichter 1992) by the following properties: (1) 
reduction of open times and/or appearance of flickerings; (2) decrease in ensemble 
average currents; (3) disappearance of time dependent inactivation; (4) decrease in 
ampli tude of single channel currents; (5) prevailing irreversibility of the block after 
wash out of the stilbene derivatives. With small aberrations these characteristics 
also apply to the block by DIDS in L6 myoblasts in our experiments. The flick
ering is clearly seen in Fig. 7A after application of DIDS (100 /-unol/l): this panel 
also shows the decrease in ampli tude of single channel current to a substate level. 
T h e decrease of ensemble average currents and the apparent loss of t ime dependent 
inactivation was shown in Fig. 7B. The block by DIDS in L6 myoblasts was clearly 
shown to be mostly irreversible. A new finding is. however, represented by a part ial 
relief of the block by the interposed voltage ramp pulse. In this respect the DIDS 
block resembles t h a t by arachidonic acid block as we described above. This partial 
reversibility could mean that the site of interaction of t h e stilbene derivative with 
the channel is different from that in the irreversible mode of blockade. If we follow 
t h e interpretation of Gray and Ritchie (1986) of a block in astroglial Cl~ channels, 
t h e irreversible component of the block could be ascribed t o covalent binding of 
DIDS at a site that inhibits opening and the reversible component of the block to 
non covalent binding of DIDS to an open channel. 

The blocking effect of Zn2+ ions 

T h e blocking effect of Z n 2 + ions on maxi-Cl channels was first described in am
phibian skeletal muscle by Woll et al. (1987). The extracellular Z n 2 + ions (0.1-1 
mmol/1) blocked b o t h the outward and inward single channel currents, whereas 
t h e intracellular Zn~ + ions (10 mmol/1) blocked only the outward currents, i.e. 
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the block was voltage-dependent when the ions were applied from the cytoplasmic 

side of the channel. The blocking effect of Zn~+ ions is not specific for maxi-Cl 

channels; the Zn 2 + ions are known to block Na, K and CI channels in frog skeletal 

muscle membrane (Hille et al. 1975; Stanfield 1970) at comparable concentrations. 

Similar voltage-dependent blocks after application of Zn 2 + ions (> 1 mmol/1) from 

the intracellular side of the channel were also demonstrated in maxi-Cl channels 

from vascular smooth muscle cells (Kokubun et al. 1991), from human T lym

phocytes (Schlichter et al. 1990), and from pig aortic endothelial cells (Groschner 

and Kukovetz 1992). In the latter cells also a voltage independent zinc block was 

demonstrated upon application of Zn 2 + ions (1 mmol/1) from the extracellular side. 

A voltage-independent block after application of Zn 2 + ions (1 mmol/1) from the 

cytoplasmic side was reported in bleb-like vesicles from Schwann cells (Quasthoff et 

al. 1992). As we have shown, the Z n 2 + ions (1 mmol/1) were equally effective both 

from the intracellular and extracellular side, respectively, also in L6 myoblasts. 

There is, however, a definite asymmetry in the blocking effect showing a prefer

ence for inward currents (Fig. 10). Therefore a kind of voltage-dependent block 

cannot be excluded. Reversibility represents a characteristic property of all zinc 

blocks so far examined in maxi-Cl channels. The same holds true for the large 

conductance CI channels as evident e.g. from Fig. 8 or Fig. 9. The blocking effect 

is completely reversible as far as the peak amplitude is concerned, but the t ime 

dependent inactivation remained enhanced. 

Acknowledgements. This work was supported partly by a grant (2/999039/93 GAV) 
to J. Z. The authors wish to thank Dr. Daria Zacharová for valuable suggestions during 
the course of experiments and useful comments to the manuscript. 

References 

Anderson M. P., Gregory R. J., Thompson S., Sousa D. W., Paul S., Mulligan R. C , 
Smith A. E., Welsh M. J. (1991): Demonstration that CFTR is a chloride channel 
by alteration of its anion selectivity. Science 253, 202—205 

Anderson M. P., Welsh M. J. (1990): Fatty acids inhibit apical membrane chloride channels 
in airway epithelia. Proc. Nat. Acad. Sci. L ŜA 87, 7334—7338 
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