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Summary. The behavior of single CI- channel was studied by 
fusing isolated canine cardiac sarcoplasmic reticulum (SR) vesi- 
cles into planar lipid bilayers. The channel exhibited unitary con- 
ductance of 55 pS (in 260 mM CI ) and steady-state activation. 
Subconductance states were observed. Open probability was de- 
pendent on holding potentials ( -60 to +60 mV) and displayed a 
bell-shaped relationship, with probability values ranging from 0.2 
to 0.8 with a maximum at -10  inV. Channel activity was irre- 
versibly inhibited by DIDS, a stilbene derivative. Time analysis 
revealed the presence of one time constant for the full open state 
and three time constants for the closed states. The open and the 
longer closed time constants were found to be voltage depen- 
dent. The behavior of the channel was not affected by changing 
Ca 2+ and Mg 2§ concentrations in both chambers, nor by adding 
millimolar adenosine triphosphate, or by changing the pH from 
7.4 to 6.8. The presence of sulfate anions decreased the unit 
current amplitude, but did not affect the open probability. These 
results reveal that at the unitary level the cardiac SR anion- 
selective channel has distinctive as well as similar electrical 
properties characteristic of other types of C1- channels. 

Key Words chloride conductance �9 anionic permeability - in- 
tracellular membrane �9 sarcoplasmic reticulum �9 planar lipid bi- 
layer 

Introduction 

In cardiac and skeletal muscle cells, the sarcoplas- 
mic reticulum (SR) has been shown to be the major 
source and sink for Ca 2+ (Endo, 1977). It is now 
well established that Ca 2+ release from SR is the 
molecular event which triggers the contractile reac- 
tion. In order to study the physiological release 
mechanism, and the parameters possibly involved 
in its regulation, permeability properties of SR in 
cardiac skinned fibers (Fabiato, 1985) and isolated 
vesicles have been studied (Meissner & McKinley, 
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1982; Meissner & Henderson, 1987). The aim of 
these studies was to measure the SR membrane 
electrical properties and to identify the related pro- 
tein constituents. 

Recently, major progress has been made in un- 
derstanding the molecular mechanisms controlling 
the SR Ca 2+ release process. The activity of the SR 
Ca 2+ release channel has been recorded using skele- 
tal muscle (Smith, Coronado & Meissner, 1985, 
1986) and cardiac SR Vesicles (Rousseau et al., 
1986). Furthermore, the channel protein has been 
labeled with a specific probe, [3H]ryanodine, which 
allowed the isolation, characterization and reconsti- 
tution of the ryanodine receptor complex (Lai et al., 
1988; Smith et al., 1988b). 

The SR membrane contains additional ion-se- 
lective pathways besides the Ca 2+ release channel. 
Monovalent cation and anion permeabilities have 
been demonstrated by ionic flux measurements us- 
ing skeletal (Kometani & Kasai, 1978; McKinley & 
Meissner, 1978; Kasai, Kanemasa & Fukumoto, 
1979) and cardiac SR vesicle fractions (Meissner & 
McKinley, 1982). More recently, the planar lipid 
bilayer-fusion technique coupled to voltage-clamp 
measurements (Miller & Racker, 1976), has been 
used to study K + and C1 conductances. In skeletal 
SR preparations, a K + channel has been studied in 
detail (Miller, 1978; Coronado, Rosenberg & Miller, 
1980; Coronado & Miller, 1982; Garcia & Miller, 
1984). Bretag (1987) has thoroughly reviewed the 
important role played by the muscle surface mem- 
brane chloride channels. However, little was 
known about the SR C1--selective channels at uni- 
tary level. Lately, two groups, using the bilayer- 
fusion technique, have made detailed observations 
concerning the single C1- channel present in mam- 
malian skeletal muscle SR vesicles (Tanifuji, So- 
kabe & Kasai, 1987; Rousseau, Roberson & 
Meissner, 1988). Hals and Palade (1988) have also 
investigated the activity of a large conductance an- 
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ion-selective channel using the patch-clamp tech- 
nique, on the "sarcoball" preparation from frog 
skeletal muscles. 

In this paper, I describe the functional proper- 
ties of a single C1 channel present in canine cardiac 
SR vesicles. Multi- and single-channel recordings, 
ionic selectivity, voltage dependence, kinetic analy- 
sis, and inhibition by a stilbene derivative have been 
studied. The inhibition of the current by divalent 
anions and its insensitivity to divalent cations are 
also reported. 

Materials and Methods 

CHEMICAL REAGENTS 

Choline chloride and Trisma base (Tris) were obtained from 
Sigma (St. Louis, MO). HEPES and PIPES buffers were pur- 
chased from Research Organics (Cleveland, OH) and phospho- 
lipids from Avanti Polar Lipids (Birmingham, AL). Sulfuric acid, 
obtained from Fischer Scientific (Fair Lawn, N J), was neutral- 
ized with Tris to produce stock solutions at pH 7.4. All the other 
materials were of reagent grade. 

PREPARATION 

OF SARCOPLASMIC RETICULUM VESICLES 

Vesicles were prepared by differential and sucrose gradient cen- 
trifugation as described by Meissner and Henderson (1987). The 
crude microsomal fraction was further subdivided on a linear 
sucrose gradient 20-45% (wt/wt) using a Beckman Ti-14 zonal 
rotor. Five different fractions were recovered and assayed for 
their ability to induce single chloride channel activity. 

BILAYER FORMATION AND VESICLE FUSION 

The bilayers were formed at room temperature from a lipid mix- 
ture containing phosphatidylethanolamine, phosphatidylserine 
purified from bovine brain, and diphytanoylphosphatidylcholine 
at a ratio of 5 : 3 : 2. The final lipid concentration was 25 mg/ml 
dissolved in decane. A 250-/xm diameter hole, drilled in a poly- 
vinyliden-difluoride (PVDF) cup, was pretreated with the same 
lipid mixture dissolved in chloroform. Using a Teflon stick, a 
drop of the lipid mixture in decane was gently spread across the 
bilarium hole in order to obtain formation of the planar artificial 
membrane. Membrane thinning was assayed by applying a trian- 
gle wave test pulse and typical capacitance values were in the 
range of 250-400 pF. Aliquots of vesicles (10-60 /xg protein) 
were added to the cis chamber in the proximity of the bilayer. 
The fusion was either spontaneous or induced by stirring or ap- 
plying negative holding potentials across the bilayer. To de- 
crease the chance of additional vesicle fusions during an experi- 
ment, the free [Ca 2+] of the cis chamber was lowered (<0.5 mM) 
by addition of EGTA or by perfusion with a HEPES-Tris buffer 
solution containing 1.2 b~M free [Ca 2+] (0.95 mM CaC12 and 1 mM 
EGTA). 

RECORDING INSTRUMENTATION 

Currents were recorded using a homemade double-stage ampli- 
fier (Smith et al., 1988a) or a DAGAN 8900; they were low pass 
filtered (Frequency Device 902 LPF) and displayed on-line on a 
chart recorder (Z-1000, Astro M ed.) and an oscilloscope (Nicolet 
110). The currents were filtered (cut off frequency 4 kHz) and 
recorded on a video cassette recorder (Sony SL 2700) through a 
modified pulse code modulation device (Sony PCM 501ES) (Be- 
zanilla, 1985). Current recordings were played back, filtered at 
300 Hz and sampled at 1 kHz for storage on hard disk and for 
further analysis using an IBM PC-XT computer and programs 
kindly provided by Dr. H. Aftblter. The open probability values 
(Po) and time histograms were determined from data stored in 40- 
sec files, and the half-threshold discriminator method (Sachs, 
Neil & Bakakati, 1982) was used as previously described for time 
analysis of skeletal SR Cl channel in order to minimize the 
influence of subconducting states on chosen recordings (Rous- 
seau et al., 1988). 

B U F F E R  SOLUTIONS 

Cardiac as well as skeletal SR vesicles contain several types of 
ion channels, which conduct mono- and divalent cations and 
anions (Meissner & McKinley, 1982; Meissner, 1983). In order to 
record specific ionic currents, the composition of the chosen 
buffer should not contain permeant ions other than those of inter- 
est. Experimental conditions meeting this requirement have been 
worked out and described for observing skeletal SR CI channel 
(Smith et al., 1988a; Rousseau et al., 1988). Briefly, cardiac SR 
vesicles were incorporated into planar liquid bilayers and CI 
channels studied in asymmetric choline chloride (50 mM trans/ 
250 mM cis), in the presence of 5 mM CaCI2 and 10 mM HEPES, 
pH being adjusted to 7.4 with Tris. Choline, HEPES and Tris 
were considered impermeable for all practical purposes, so that 
chloride was the main permeant ion in the solution. The presence 
of symmetric millimolar calcium concentrations in the fusion 
buffer was required to stabilize the bilayer and promote vesicle 
fusions. Glass bi-distilled deionized water was used for preparing 
all buffer solutions. Different experimental conditions were ob- 
tained either by adding solubilized compounds directly to the 
chambers or by perfusing the entire volume of the chambers 
using a perfusion pump (Harvard Apparatus). 

TABLE OF M A I N  SYMBOLS USED 

pS: 
DIDS: 
EGTA: 
HEPES: 

Tris: 
VDAC: 

PicoSiemens 
4,4'-Diisothiocyanostilbene 2,2'-disulfonic acid 
[ethylenebis (oxyethylenenitrilo)] tetraacetic acid 
N-2-Hydroxyethylenepiperazine-N'-2-ethanesulfonic 
acid 
Tris (hydroxymethyl) aminomethane 
Voltage-dependent anion channels 

Results 

CHANNEL INSERTIONS 

I n  t h e  e x p e r i m e n t s  r e p o r t e d  h e r e i n ,  C1-  c h a n n e l s  
w e r e  a s s a y e d  b y  f u s i n g  c a n i n e  c a r d i a c  S R  v e s i c l e s  
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Fig. 1. Multi- and single cardiac SR Cl-  
channel  recordings.  Traces  obtained in 
presence of 260 mM CI- cis and 60 mM C1- 
trans, pH 7.4. (A) At least three functional  
channels  were present  in the bilayer. Holding 
potential (HP) = 0 mV.  The solid line 
represents  the resting current  level (B) 
Single-channel activity was recorded at 
different HPs  (left). No  currents  were 
measured  at +30 mV. Cis to trans C1 
currents  are shown as downward  deflections. 
Arrows on the right cor respond to the 
different subconductance  levels 

into planar lipid bilayers. Assuming that most of the 
vesicles were right side out--cytoplasmic side fac- 
ing the bulk solution--it has been shown that after 
the fusion, the cytoplasmic side of the channel faces 
the cis compartment where the vesicles were added 
(Miller & Racker, 1976). 

Spontaneous fusion occurred in the presence of 
the negatively charged phospholipid (phosphati- 
dylserine) in the bilayer, of 5 mM Ca 2+ in the aque- 
ous phases and an osmotic gradient. Compared to 
the zero current baseline of the bare-layer, single 
vesicle fusion events were monitored by the appear- 
ance of discrete current steps (Tanifuji et al., 1987; 
Smith et al., 1988a). Typically, the incorporation of 
several anion-selective channels was observed in 
80% of the fusions. In Fig. 1A, at least three distinct 
unit current levels can be observed. Single-channel 
recordings were obtained in 20% of the fusions (Fig. 

1B). Following the first fusion event, further 
stepwise increases of the membrane conductance 
were obtained, but at a lower rate than that reported 
for skeletal SR vesicles (Tanifuji et al., 1987; Smith 
et al., 1988a). Consequently, in similar experimen- 
tal conditions, cardiac SR vesicles are more difficult 
to fuse than those derived from skeletal SR prepara- 
tions. On the other hand, the fact that step-size 
increases were of different amplitudes (data not 
shown) strongly supports the view that individual 
vesicles contain a various number (1-3) of CI 
channels as already proposed for skeletal SR vesi- 
cles (Rousseau et al., 1988). 

Over the five fractions recovered from the su- 
crose gradient, fractions III, IV and V, enriched in 
cardiac SR membranes (Meissner & Henderson, 
1987) appeared to be positive in terms of CI- chan- 
nel activity. 
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Fig. 2. Current-voltage relationship at different C1 concentra-  
tions. Circles: 260 mM cis/60 mM trans, 3' = 55 pS; squares:  60 
mM cis/60 mM trans, , / =  38 pS; and asterisks:  2.6 mM cis/60 mM 

trans, y = 29 pS. For  each curve,  data points represent  average 
values from nine, two and seven exper iments ,  respectively 
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Fig. 3. Open probability vs. holding potential relationship. 
Steady-state  Po values were calculated from 40-sec files for each 
potential. Average values -+ sD were calculated from five to 
seven exper iments  obtained in asymmetr ic  CI- concentrat ions 
260 mM cis/60 mM trans. Note the absence  of data points be- 
tween 10 and 40 mV;  in this range, the unit current  level was too 
small to allow an accurate  determinat ion of  open events  

S I N G L E - C H A N N E L  B E H A V I O R  

Figure 1B shows the current fluctuations of a single 
C1- channel recorded as a function of voltage in 
asymmetric C1 concentrations (260 mM C1- cis/60 
mM C1- trans). Unit current amplitudes are directly 
proportional to the holding potential applied across 
the bilayer. In this example, the reversal potential is 
found at +30 mV where no activity is detected. For 
the other holding potentials, the channel displays a 
bursting behavior with an open probability, which is 
obviously voltage dependent. 

The presence of subconducting states was an- 
other inference of these recordings (arrows; Fig. 
1B)I Typically, subconducting states are of short 
duration (<500 msec) but in some cases they are 
long lasting as shown for a holding potential of -60 
mV (lower trace). In addition, other subconduc- 
tance levels, 1/2 and 3//4 of the full open state, were 
observed at 0 and -40 mV, respectively (Fig. 1B). 

Figure 2 shows current-voltage relationships 
obtained with different C1- concentrations in the cis 
and trans chambers. In experiments performed in 
symmetric 60 mM [CI-], the unit conductance was 
38 pS and the reversal potential was found at 0 -+ 3 
mV. In the presence of asymmetric C1- concentra- 
tions (260 mM C1 cis and 60 mM C1- trans), the unit 
conductance was 55 pS and the apparent reversal 
potential of +31 mV was close to the theoretical 
equilibrium potential of +36.7 mV calculated from 
the Nernst equation. After perfusion of the cis 
chamber with a C1--free buffer containing a higher 
density of HEPES/Tris, the CI- concentration was 
lowered to less than 2.6 mM (assuming a 99% re- 

moval of C1 ions). Consequently, with 60 mM CI- 
trans and <2.6 mM C1- cis, the unit conductance 
was found to be 29 pS and the extrapolated reversal 
potential was shifted toward negative values (-60 
mV). The variations of the reversal potential with 
changing C1- concentrations demonstrated the CI 
selectivity of the channel under our experimental 
conditions. Another way to prove the CI- selectiv- 
ity of the channel was to perfuse both chambers 
with C1--free solution. This approach effectively 
eliminated CI- channel electrical activity, and al- 
lowed the observation of other channels such as the 
cardiac SR Ca 2+ release channel (Rousseau et al., 
1986; Rousseau, Smith & Meissner, 1987; Smith et 
al., 1988a). Furthermore, the reverse experiment 
can easily be performed: when the C1 electrical 
activity has been eliminated after perfusion with 
C1 -free solutions, a typical C1 channel activity 
can be restored upon addition of 100 mM choline 
chloride in both or either chambers. 

V O L T A G E  D E P E N D E N C E  

In either asymmetrical or symmetrical C1 solu- 
tions, the cardiac SR anion channel displayed a sig- 
nificant voltage dependence. Figure 3 shows aver- 
age steady-state open probability values as a 
function of the holding potential. A bell-shaped 
curve was obtained, with Po values reaching a maxi- 
mum of 0.8 at - 10 mV and decreasing almost sym- 
metrically for more positive and negative poten- 
tials. This behavior was very consistent from one 
recording to the other and was mainly due to the 
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Fig. 4. DIDS inhibition of the cardiac SR C1 
channel. (A) In control conditions 260 mM C}- 
cis/60 mM CI- trans HP = 0 mV. Anions are 
moving across the channel under their 
chemical potential. (B) Upon addition of 10 
mM D1DS and 4 sec after stirring (arrow). The 
channel activity displays a few full-size 
transitions and a period of low amplitude 
flickering behavior before complete and 
irreversible inhibition 

presence of longer closed or inactivated states. A 
similar voltage-dependent relationship has been de- 
scribed for sarcolemmal C1 channels (Blatz & 
Magleby, 1986; Coulombe et al., 1987) and could be 
related to their only function as highly regulated 
charge carriers in biological membranes. 

DIDS INHIBITION 

Stilbene derivatives are well known for inhibiting 
the anion transporter in red blood cells (Knauf & 
Rothstein, 1971). They are also potent inhibitors of 
anion permeability of skeletal SR vesicles (Kasai & 
Kometani, 1979; Yamamoto & Kasai, 1981). Half 
maximum inhibition of sulfate permeability was ob- 
tained in the presence of 0.06 mM DIDS (Kasai & 
Tagushi, 1981). SITS (2 mg) was used in single- 
channel experiments in order to inhibit anion-selec- 
tive channels present in skeletal SR vesicles 
(Suarez-Isla et al., 1986). DIDS was also used at 
millimolar concentrations by Miller and White 
(1984) in order to abolish single C1- channel activity 
from Torpedo electroplax. In my hands, DIDS con- 
centrations in the micromolar range had only a par- 
tial inhibitory effect on single C1- channel activity 
causing a 10 to 25% reduction of the opening proba- 
bilities. However, Fig. 4 shows that 10 mM DIDS 
completely inhibited cardiac SR C1- channel from 
the cis side in a few seconds, after a transition pe- 
riod where the channel gating and conducting prop- 
erties were apparently modified. This effect was ir- 
reversible, since no recovery of activity was 
observed after extensive perfusion of the cis cham- 
ber with a DIDS-free choline chloride medium. Two 
other drugs known to bind specific, positively 
charged, amino-acid residues were used in order to 
probe the channel behavior. However phenylgly- 
oxal (up to 10 mM) and diamine (up to 10/zv) had no 
detectable effect on cardiac SR CI channel. 

CHANNEL KINETICS 

Open and closed time constants were obtained by 
statistical analysis of the current fluctuations 30 sec 
after a new voltage was applied. For all the voltages 
studied using single-channel experiments, fre- 
quency histogram analysis consistently showed that 
the channel had essentially one main open state and 
multiple (three) closed states. 

Figure 5 shows the cumulative open (upper 
panel) and closed (lower panel) time histograms. 
Note that the contribution of the longer closed 
events was eliminated from the closed time distribu- 
tion by setting a maximum value for the longer clas- 
sified events, (Tmax = 250 msec) so that the present 
illustration (Fig. 5) corresponds to the intraburst 
analysis (Magleby & Pallota, 1983). Consequently, 
using single or double exponential fits (Barrett, 
Magleby & Palotta, 1982), only one open time con- 
stant and two closed time constants were found 
within bursts. 

The open time constant ('cop) and both closed 
time constants ('cCll, and "cCl?) were determined at 
different voltages. Figure 6 (A-B) shows that the 
voltage dependence of the open time constant ('cop) 
was the mirror image of that of the second closed 
time constant (~'C12). Taking a limiting time resolu- 
tion of 2 msec into account (Rousseau et al., 1988), 
the values of the shorter closed time constant (~-CI~) 
were essentially identical over the range of voltages 
studied. These data quantified and clarified the in- 
traburst behavior of the channel. However, one 
must consider that a third closed time constant--a 
longer one--which was removed from the present 
analysis and corresponded to the interburst inter- 
vals was also voltage sensitive as previously men- 
tioned during the visual examination of the current 
traces in Fig. lB. Taken together, these results ex- 
plain the voltage dependence of the open probabil- 
ity illustrated in Fig. 3. 
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Fig. 5. Intraburst analysis in the form of cumulative open and 
closed time histograms for a cardiac SR CI- channel. A single 
channel was recorded as in Fig. IB, HP = -10 inV. The open 
time distribution is described by only one exponential, fitted with 
a time constant of 215 msec (upper panel). The closed time distri- 
bution is described by the sum of two exponentials with time 
constants of 9 and 105 msec (lower panel) 

EFFECTS OF DIVALENT IONS 

Flux measurements have indicated that divalent an- 
ion permeability is quite low through skeletal SR 
C1- channel (Kasai et al., 1979), while monovalent 
anions of the halide series are good charge carriers 
through CI- channels (Bormann, Hamill & 
Sakmann, 1987; Tanifuji et al., 1987). In our single- 
channel experiments, addition of sulfate anions (10- 
50 mM) in the cis chamber, induced a clear decrease 
in the unit CI- current amplitude for voltages more 
negative than the reversal potential, without any 
significant effect on the gating behavior (Figure 7). 
Identical results have previously been reported for 
the skeletal SR C1 channel (Tanifuji et al., 1987; 
Rousseau et al., 1988). It has also been noticed that 
sulfate ions are more potent blockers from the cis 
side than from the trans side. 

Interestingly enough, under our experimental 
conditions, divalent cations such as Mg 2§ and Ca 2+ 
have no effect on the cardiac SR C1 channel activ- 
ity. The channel's insensitivity to divalent cations 
was studied by varying the free Ca 2+ (from 0.1 //,M 
up tO 50 mM) and Mg 2+ concentrations (from 0.25 
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Fig. 6. Time constants for the open and closed states plotted as a 
function of the holding potential. (A) The open time constant 
(top) has a maximum value at + 10 mV, while the second closed 
time constant (rCl2) presents a minimum value for the same volt- 
age (B) Note that rCl~ values are apparently voltage insensitive. 
Curves were drawn by eye 

mN up to 2 raN) in both chambers. No detectable 
change in unit current amplitude, conductance, 

�9 contribution of the subconducting states or opening 
probabilities was observed. Cardiac SR CI- chan- 
nels were also insensitive to the presence and to the 
absence of adenine nucleotides, as well as to pH 
changes (7.4 to 6.8). A similar insensitivity to Ca 2+, 
Mg 2+, adenine nucleotide and pH has previously 
been reported for the anion-selective pathway 
present in skeletal SR vesicles (Rousseau et al., 
1988). 

Discussion 

The SR anion permeability and its physiological 
regulation in skeletal and cardiac muscles are 
poorly understood. Herein, 1 have described the 
basic functional properties of a chloride-selective 
channel in canine cardiac SR vesicles. 
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Fig. 7. Effect of sulfate anions on a single CI- 
channel in asymmetric choline chloride buffer. 
(A) Chart recording obtained in control 
conditions at -40inV. (B) Same conditions as 
in A but after addition of 15 mM MgSO4 to the 
cis chamber. A reduction of the unit current 
amplitude can be observed. The solid lines 
represent the closed state levels 

Considering the difficult task of studying the 
electrical properties of intracellular membranes, the 
planar lipid bilayer fusion technique provides a use- 
ful way for analyzing single-channel activities. This 
approach has allowed us to characterize K § 
(Miller, 1978; Coronado & Miller, 1982), and Ca 2§ 
release channels, (Smith et al., 1985; Rousseau et 
al., 1986) and to test specific factors suspected of 
being involved in their regulation (Smith et al., 
1986). 

The C1 -selective channel described in this pa- 
per shares several features with the skeletal SR C1- 
channel reported elsewhere (Tanifuji et al., 1987; 
Rousseau et al., 1988): presence of multiple subcon- 
ducting states, similar gating behavior, stilbene de- 
rivative (DIDS) inhibition, divalent anion blockage 
and divalent cation insensitivity. Under identical 
experimental conditions, the cardiac SR Cl- chan- 
nel displayed, however, a lower unit conductance 
and steeper open probability vs. voltage relation- 
ship, than the mammalian skeletal SR Cl channel 
(Rousseau et al., 1988). 

The presence of a C1- channel with a conduc- 
tance similar to the one measured in the present 
study (55 pS) has previously been reported by Co- 
ronado and Latorre (1982) after fusion of calf car- 
diac "sarcolemma vesicles" into bilayers. The vesi- 
cle fractions used in the present study, although 
contaminated (20%) with sarcolemma membranes 
(Meissner & McKinley, 1982), have clearly been 
characterized, using enzyme-specific markers: 
Ca2+-Mg2+-ATPase activity, Ca 2+ release channel 
and [3H]ryanodine binding, and are mainly derived 
from SR membranes (Meissner & Henderson, 
1987). Furthermore, observing 55-pS Cl- channels 

is a prerequisite for observing the characteristic car- 
diac Ca > release channels after perfusion with C1 - 
free, Ca2+-HEPES solutions. The simultaneous 
presence of Ca 2+ release channels is probably the 
best evidence to state that the 55-pS C1 channel 
described herein is derived from SR membranes. 
On the other hand, only a large conductance (400 
pS) Cl- channel has been described at the surface 
membrane of cultured cardiac cells (Coulombe et 
al., 1987). 

Another inference from our recordings is the 
presence of subconducting states, which have also 
been observed for many other Cl channels (Tank, 
Miller & Webb, 1982; Bormann et al., 1987; Miller 
& White, 1984; Nelson, Tang & Palmer, 1984; 
Schwarze & Kolb, 1984) suggesting that the exis- 
tence of substates is a general characteristic of C1- 
channels. Their physiological relevance is not yet 
understood. Recently they have been referred to as 
the mean amplitudes of less frequently occurring 
elementary current steps (Bormann et al., 1987). 
Their common reversal potential with the main con- 
ducting state, for different Cl- concentrations, ar- 
gues in favor of their Cl- selectivity. 

It would be interesting to know the conduc- 
tance of this channel under physiological condi- 
tions. Assumming an intracellular C1- activity of 7.2 
+ 2.2 mM as measured by Caill6 (1985) in rabbit 
papillary muscle, the unitary conductance would 
probably be less than 5 pS. In such conditions, the 
functional role of this channel may be linked to its 
gating properties and/or its distribution. Cardiac SR 
C1- channels from three different SR fractions, (III, 
IV and V as defined by Meissner & Henderson, 
1987) have been incorporated into planar lipid bilay- 
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ers. This result is also consistent  with previous ob- 
servations that all these vesicle populations are per- 
meable to CI-  (Meissner & McKinley,  1982). The 
number  of  channels (1-3) per single fusion event 
was in the same range from trial to trial. This obser- 
vation may support  the idea that C1 channels are 
evenly distributed in the cardiac SR membrane .  A 
similar result has been obtained when comparing 
the C1- channel distribution in " h e a v y "  and " l ight"  
skeletal muscle SR fractions (Rousseau et al., 
1988). The regulation process  of  the cardiac SR CI- 
channel remains to be established. Presently no in- 
tracellular gating or modulating agents have been 
found to interact  with this anion-selective channel. 
Variations of  SR t ransmembrane  potential,  or modi- 
fications of  surface charge potentials might be re- 
sponsible for the control of  the gating mechanism in 
this channel. It has been shown that the open and 
closed time constants ,  (except rCli) are voltage de- 
pendent  (Fig. 6). The following kinetic diagram is 
proposed to schemat ize  the channel behavior:  

O ~ C1 ~.~ C2 ~ C3 

in the regulation of the cardiac SR CI channel 
might be an intrinsic membrane  parameter ,  such as 
the SR membrane  electric field. However ,  the SR is 
not known to generate rapid changes in membrane  
potential,  although that could be the case during 
rapid Ca 2+ release (Meissner & McKinley,  1982). 
The role of  monovalent  cation- and anion-selective 
pathways  across the SR membrane  has been pre- 
sented as a plausible counter  charges transport  
sys tem during rapid Ca 2+ release and uptake 
(Meissner, 1983; Garcia  & Miller, 1984). The 
present  study cannot  confirm or refute this interpre- 
tation. Actually one might discuss the significance 
of the exper iments  performed in this study, since 
the present  approach does not allow investigation of 
the cardiac SR Cl channel in its native lipid envi- 
ronment.  Fur thermore ,  the loss of  membrane  asso- 
ciate components  or other  soluble regulating factors 
during the isolation and fusion process cannot be 
ruled out. However ,  the technique used here re- 
mains the only one suitable for a direct observat ion 
of  cardiac SR channels since no " sa rcoba l l "  prepa- 
ration is available yet on this tissue. 

where O represents  the full open state and CI, C2 
and C3 the different closed states. Even  if this pat- 
tern might also fit the one postulated for trout SR 
C1- channel (Rousseau et al., 1988) it would have to 
be completed since it does not take into account  the 
presence of the subconducting states. However ,  the 
channel kinetic, conducting and opening probabili- 
ties do not match  the propert ies  of  a dimeric C1 
channel found in Torpedo electroplax surface mem- 
brane (Miller & White, 1984). Fur thermore ,  the 
propert ies  of  the cardiac SR CI-  channel are clearly 
different f rom those of the large conducting slowly 
gating (VDAC) channels derived f rom outer  mito- 
chondrial membrane  (Colombini,  1979). 

In agreement  with result obtained by ionic flux 
and light scattering measurements  on skeletal SR 
muscle vesicles (Kasai  & Kometani ,  1979), DIDS 
was found to be an inhibitor of  this anion-selective 
channel. However ,  a more  specific ligand with a 
higher affinity for this channel would be necessary 
in order  to follow the channel protein through the 
different steps of  a purification procedure.  

Our exper iments  reveal  that the unitary current 
from cardiac and skeletal SR C1- channels can be 
reduced by divalent anions. This blocking effect is 
certainly due to a compet i t ive inhibition of  the C1- 
current by sulfate ions. Fur thermore ,  Tanifuji et al. 
(1987) have shown that this blocking effect was 
voltage dependent .  The fact that large variations in 
divalent cation concentrat ions as well as the ab- 
sence and the presence  of  adenine nucleotides have 
no effect, may  suggest that the main factor  involved 
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