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Mechanism of Chloride-Dependent Release of Ca2+ in the Sarcoplasmic
Reticulum of Rabbit Skeletal Muscle

Manana Sukhareva, Jeffery Morissette, and Roberto Coronado
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ABSTRACT We investigated the effect of Cl- on Fte Cac+ permeability of rabbit skeletal muscle junctonal sarcoplasmic
reticulum (SR) using 45a2+ fluxes and single hannel ngs. In 45C2+ efflux experments, the lumen of the SR was passively
loaded with solubons of 150 mM univalent salt containing 5 mM 45Ca2+. Release of 45Ca2+ was measured by rapid filtraton in
the presence of extravesicular 0.-0.8 pM free Ca2+ and 150 mM of the same univalent salt loaded into the SR lumnen. The
rate of release was 5-10 times higher when the univalent salt equilibrated across the SR-contained Cl- (Tris-Cl, choline-Cl, KCI)
instead of an organic anion or other halides (gluconate-, methanesulfonate-, acetate-, HEPES-, Br-, I-). Cations (K+, Tris+)
could be interchanged without a signifiant effect on he release rate. To determine whether Cl- stimulated ryanodine receptors,
we measured the stimulation of release by ATP (5 mM total) and caffeine (20 mM total) and the inhibition by Mg2+ (0.8 mM
estimated free) in C--free and Cl--containing solubons. The effects of ATP, caffeine, and Mg2+ were the largest in K-gluconate
and Tris-gluconate, intermediate in KCI, and notably poor or absent in choliner-C and Tris-CI. Procaine (10 mM) inhibited the
caffeine-stimulated release measured in K-gluconate, whereas the Cl- channel blocker dofibric acid (10 mM) but not procaine
inhibited the caffeine-insensitive release measured in choline-Cl. Ruthenium red (20 pM) inhibited release in all solubons. In
SR fused to planar bilayers we identified a nonselective Cl- channel (Pa: PTi,: PC. = 1: 0.5:0.3) blocked by ruhenium red and
clofdbic acid but not by procaine. These conductive and pharmfacoloical properfies suggested the channel was likely to mediate
Cl--dependent SR Ca2+ release. The absence of a contribution of ryanodine receptors to the Cl--dependent release were
indicated by the lack of an effect of Cl- on the open probability of this channel, a complete block by procaine, and a stimulation
rather thxan inhibition by dofibnc acid. A plug model of Cl--dependent release, whereby Cl- removed the inhibition of the
nonselective channel by large anions, was formulated under the assumpton that nonselecte channels and ryanodine receptor
channels operated separately from each other in the terninal cistemae. The remarkably large contibution of Cl- to the SR Ca2+
permeabiity suggested that nonselectve Cl- channels may control the Ca2+ permeability of the SR in the resting muscle cell.

INTRODUCTION

Tlhe anion Ca- has been shown to have a profound effect on
excitation-oontraction coupling of skeletal muscle. Exposure
of a skinned skeletal muscle fiber bathed in a Cl--free so-
lution to Cl- results in a release of stored Ca2+ as inferred
by a sudden contracture (Constantin and Podolsky, 1967;
Endo and Nakajima, 1973; Stephenson, 1985; Donaldson,
1985; Lamb et al., 1993). This effect is caused by a Ca--
induced depolarization of the transverse tubular membrane
followed by transmission to the sarcoplasmic reticulum (SR)
membrane of the physiological Ca2" release signal. Analo-
gous experiments have been descnibed in isolated triads con-
sisting of a microsomal preparation enriched in SR terminal
cisternae with attached transverse tubules. In the most re-
fined protocol described by Ikemoto et al., (1984), the trans-
verse tubular membrane is polarized by recovery of the Na+
and K+ gradients in a Cl--free solution, and a depolarization
is mimicked by replacement of the impermeant anion with
Ca-. This manipulation causes a release of Ca2" from the at-
tached SR terminal cistemae, which has been sggested to occur,
as in the skinned muscle protocols, by depolaizatin of pre-
polarized transverse ubules (Ikemoto et aL, 1984; 1992).
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Biochemical studies have shown that Cl- is highly per-
meable across the SR membrane (Kometani and Kasai, 1978)
and that the anion increases the SR Ca2+ permeability in
preparations that have a low density of attached transverse
tubules such as "light" and "heavy" SR (Kasai and
Miyamoto, 1973, 1976; Meissner and McKinley, 1976;
Beeler et al., 1979; Ohnishi, 1979; Campbell and Shamoo,
1980; Caswell and Brandt, 1981; Miyamoto and Racker,
1982; Hasselbach and Migala, 1992).Amechanism by which
Ca- may increase the Ca2+ permeability of the SR, and which
does not involve signal transmission across the triadic junc-
tion, was suggested to be a direct SR depolarization
(reviewed by Martonosi, 1984). This hypothesis was
prompted by observations made in SR loaded with Ca2+ in
the absence of ionic pump activity that would polarize the
transverse tubular membrane. Thus replacement of the ex-
travesicular solution of a passively loaded SR suspension
equilibrated in a Cl--free solution (typically K-gluconate or
K-methanesulfonate, or MSF), by a new solution containing
a- (typically Ka), resulted in a release of the SR Ca2+
content (Kasai and Miyamoto, 1976). The relevance of this
observation was later dismissed, as it may have originated
from osmotically driven influx of water causing a rupture of
SR vesicles (Meissner and McKinley, 1976). Less attention
was given to the fact, however, that Ca2' efflux was aug-
mented by a-, albeit less than in the case of the K-gluconate
(or K-MSF) to KCI exchange protocol, whena- was present
on both sides ofthe SR membrane all the time (Fig. 1 ofKasai
and Miyamoto, 1976; Table 2 of Meissner and McKinley,
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1976). The ionic basis of the Cl-dependent increase of the
SR Ca2+ permeability observed in symmetrical solutions of
Cl- is the focus of the present work.
We characterized the influence of Cl- on Ca" release

from rabbit junctional SR with an interest in establishing
whether ryanodine receptors can be modulated by Cl-. If this
is the case, the Cl--dependent release observed when the SR
membrane is exposed to the anion might be explained as a
direct effect of Cl- on the activity of ryanodine receptor
channels. On the contrary, we show that the Cl-dependent
SR Ca2" release has a ligand dependence markedly different
from that ofthe ryanodine receptor. Planar bilayer recordings
further suggested that a nonselective Cl- channel, but not the
ryanodine ha a pm-file apI-
poiate to mediated CY-epndent Ca+ rease. Part of dhse
results have been published in absact form (Sukhareva and
Coronado, 1993, 1994; Coronado et al, 1994).

LIATERIALS AND METHODS

solaion of rabbit skeletl muscle junctional SR
SR sedimenting in 36% sucrose (w/v) was prepared from fresh rabbit leg
and back muscle by discontinuous sucrose density gradient
(Vakdivia et aL, 1992b). A total of 15 preparations, each frm a separate
animal, were used in this study. SRwas stored frozen at -80C in 10% (wtv)
sucrose, 0.1 M KCI, 5 mM Na-PIPES, pH 6.8.

[3KJryanodine binding assay

Duplicate smples (50 psg protem each) were incubated for 120mm at 36°C
in 0.1 ml of 7 nM [3HJryanodine, 0.15 M choline-Cl, 1.25 mM EGTA plus
1 mM Ca(acetate),, 20 mM Tris-HEPES pH 7.2 The estimated free Ca2-
of this soluton was - IpMM Othr details of the assay were descnrbed
elsewhere (El-Hayek et aL, 1993). Specific [3Hlryanodin binding to the
jumconal SR fraction under optimal coditos (1 M KCI, 100 1.M Ca2+,
5mM ATP, 100 nM [3H]ryanodine) was previously shown to be 15.5 + 2-3
pmol/mg (El-Hayek et al., 1993).

45CA2+ content of junctional SR equilibrated in
Cl--free and Cl-containing solutions
SR samples were equlbrated passively with 'Ca2+ prepared in each of the
folflowing univalent salts (C+A-): K-gluconate, Tris-gucmate, Tris-a,
choline-Cl, or KQ. To remove the sucrose and salt used for SR storage, a
thawed aliquot of SR was diluted in 10 volumes of 150 mM C+A- and 20
mM Tris-HEPES pH 72 and was kept on ice for 1 h. SR was pelieted by

FIGURE 1 rTime-resolved efflux of
45Ca2+ in C-l-free and Cl-contaning
solutions. SR samples were separately
equilibrated in 45Ca2+ loading solutions
containing 150 mM C+A-. Release was
initiated by rapid filtration with refer-
ence solutio consisting of the same 150
mM C+A-. Curve 1 (A): K-glxxnate.
Curve 2 (A): Tris-gluconate. Curve 3
(L): Tris-CL Curve 4 (U): choline-Cl
Curve 5 (0): KCl The right and left pan-
els are representations of the same data
in nmol/mg 45Ca2+ release or percent re-
lese after exposure to reference soluion
at t = 0.
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centifugation for 10 mm in a benchtop centrifuge (Eppendorf-Brinkmann
Instuments, Westbuy, NY) at 12,000 rpm and resuspended at a protein
concentato of"15 mgtmI in a tCa2' konding sohltion composed of 150
mM C+A-, SmM 4Ca(acetate), (2,000 cpm/nmol), 20mM Tris-HEPES pH
72 Passive loading of 45Ca2+ was achieved by incubation of the SR sample
at room temperature for 2 h. SR samples were washed and loaded with
45Ca2+ in each of the five univalent salts C+A- indicated above. The total
45Ca2+ content at the end of the 2-h loading period was determined by rapid
fihration of aliquots in duplicate for a nominal time of 2 ms at 4 mI/s
filtrtion rate. The flltrtionsolution wascomposed of 150mM C+A-, 6mM
Mg(acetate)2, 20 p.M ruthenium red, 20 mM Tris-HEPES pH 7.2 Flters
were rinsed as descnibed below. In experiments descnbed in Figs. 1 and 2
and Table 1, the total 45Ca2+ content in SR equilibrated in K-guconate was
59.1 + 15.5 nmol/mg (n = 30; N = 10) (N is the number of SR prepa-
rations; n is the number of 45Ca2+ loadings); in Tris-gluconate, 49.8 +

9.0 nmol/mg (n = 17; N = 3); in Tris-Cl, 49.1 + 22 nmo/mg (n = 18;
N = 3); in choline-Cl, 71.7 + 16.6 nmol/mg (n = 24; N = 12); and in
KCI, 69.2 ± 14.2 nmolmg protein (n = 26; N = 6). The average SR
internal volume was 16 idVmg estimated with [3Hlsucrose and was at
proximately the same in SR equilibrated in each salt. The total 45Ca2+
content of SR in other experiments is described in the corresponding
figure legend.

Mearements of 4fCa2+ release by rapid filtation
Ca2+ release fom SR was measured by rapid filtaion, a technique in which
45Ca +-loaded SR is bound to a nitrocellulose filter and the extravesicular
soluion bathing the SR is changed by forcing a new solution through the
filter(Dupont, 1984; Valdivia et al., 1992; Hayek et al, 1993). Experiments
were done in a Biologic Rapid Fltratin Apparatus (Biologic Instuments,
Echiroles, France) at a constant fitration rate of 4 ml/sec using 0.8 pm
Millpore type AA filters (Bedford, MA). Before each filtration, the ex-
travesicular Ca2' was klwered to an estimated 7 nM free Ca2' by dilution
of 40 p1 of 4Ca2-loaded sample (-6 p.g protein) into 1 ml of 5 mM
Mg(acetate)2, 1 mM Na2EGTA, 150 mM C+A-, 20 mM Tris-HEPES pH
7.2 The rapid filtaion solution contained 150 mM CA- of the same
compositin used for 45Ca2+ loading, 125 mM Na2EGTA, 1 mM Ca(c-
etate)2 (estimated 0.4-0.8 p.M free Ca2+ dependingon salt composition), pH
72 Ligands to stimulate or inhibit 'Ca2' release were added to the rapid
filration soluton as indicated in the texL After rapid filtration, all filters
were rinsed under mild vacuum with 2 ml of 150mM K-gluconate, 6 mM
Mg(acetate)2, 20 p.M ruthenium red, 20 mM Tris-HEPES pH 72 Filters
were counted for "5Ca2+ content in 4 ml of scintillation fluid All filtations
were made in duplicate and averaged. Background 5Ca2+ was evaluated
ugsin ionophore A23187 as described (Vakivia et al, 1992b) and was sub-
traced from each filter.

Rapid filtration solutions
Solutions for SR wash, loading, dilution, and release were made separately
for each of the five univalent salts C+A- of Table 1. SR sucrose wash
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FIGURE 2 Stimulain of C- dependent SR Ca' rekase by external
Cl-. SR samples were sepaely equi ated in 45Ca 4oading solutions

taining 150 mM K-gluconate (curves 1 and 3) or 150 mM choline-C
(curves 2 and 4) (A) Relase was initiated by rapid filtration with reference
solution ining 150 mM K-ghuonate (curves 1 and 2) or 150 mM
dcineo (curves 3 and 4) (B) Release was inated by the same refence
solutions ining 20 p.M rthenium red (RR)

solution was composed of 150 mM CA-, 20 mM Tris-HEPES pH 7.2 SR
45Ca2+ loading sutonwas composed of 150mM C+A-, 5mMCa(acetate)2
plus "2,000 cpm/nmol 'CaCl2, 20 mM Tris-HEPES pH 72 Dilution so-

lution used before rapid filtration was composed of 150 mM C+A-, 5 mM
Mg(acetate)2, 1 mM Na2EGTA, 20mM Tris-HEPES pH 7.2 Rapid filtration
souton without ligands oher than miaumolar free Ca2+ was dignated

reference solution and was composed of 150 mM C+A-, 1.25 mM
Na2EGTA, 1 mM Ca(acetate)2, 20 mM Tris-HEPES pH 7.2 Filter rise

soluion was composed in all cases of 150 mM K-ghuonate, 6 mM Mg-
(acetate)2, 20 p.M ruthenum red, 20 mM Tris-HEPES pH 72 In some

experients, the reference solution was supplemented with the stimulatory
or inhibitory ligands as described in the text and in Table 1. Soutions
containing 150 mM Tris-G and 150 mM Tris-glucone were prepared by
m 150mM HG or 150mM glucoic acid and solid Tns base to reach

pH 721 Solutio ining 150mM K-gluonate, cholie-Cl, or KCI were

-e fom solid sals

Calibation of fre Ca2+
A Ca2 ekctode (Orion Research Co, Boston, MA) was used to estimate

the free Ca2+ ofsolutons.To librate the Ca2+ electrode we used Ca-EGTA
buffers calclated by a computer program (Fabiato, 1988) prepared in 150
mM KCI, 20 mM Tris-HEPES pH 72Z The electrode response was sLightly
nonlinear in the range of 0.1-10 piM free Ca2+ with a slope of 25 mVfpCa
uniL Ca2+ release reference solutons of nomial 1 pLM free Ca2' were

prepared for each of the univalnt sahs of interest by mixing 125 mM

Na2EGTA and 1 mM Ca(acetate)2 m 150 mM C-A-, 20 mM Tris-HEPES
pH 72 Voltage output from the C2+ electrode immesed in each reference
solution was: KG (-120 4 mV), choline-C (-131 2 mV), Tris-Cl
(-127 1 mV), Tris-conate (-117 + 1 mV), and K-gluconate (-117

2 mV). Using the Ca` ekctrode voltage versus pCa curve cahbrated in
150 mM KC, the estimated free CaW+ of the a--free and G- containing
sohltions were as follows: KG (1 choline-C (0.4 yM), Tris-C (05

jaM), Tris-gluconate (0.8 M, and K-ucoate (0.8 pLM). The free Ca2+

concentations of these soluions were considered closely matched and were
not corrected further. Rcference solution prepared in 150 mM cholne-a

with free Ca2- adjsted to give a Ca2+ electrode reading of -120 mV
reklsed the same percentage of SR 4Ca2' as a noncorrected choline-Cl
e e solui with a Ca2- eklcrode reading of -131 mV, repectively
56 + 2% and 60 + 2% 45eC2+ relae.

Planar bilayer recordings
Planar bilayer formation and e ng was descnrbed prviously (Coronado
et aL, 1992; Valdivia et aL, 1992a) Bilayers were composed of equimolar
coanetations ofpobatidyl ethanai and seine disolved in decane
(Aldrkich C mic Co, Milwaukee, WI) SR was added to the cis soltion
at a final concentaion of - 100 pg/mL. Recordings of ryanodine receptors
were made in cas (cytosolic) soluion posed of 250 mM CaCI (or 240
mM CSCH3SO3, 10mM CsCI) and 10 mM HEPES titrated with Tris to pl
72 The trans (umnal) soluto was 50mM CsCl (or 40 mM CsCH3SO3,
10 mM C-s]) and 10 mM HEPES titated with Tris to pH 72 The

afree Ca2" of the cias chamber was in the range of 1-3.6 p.M and
was measured by Ca2" electrode. Records were lw-pass filtered at 1 KH.z
and digitized at 3 KHz. Recordings of Cl- channels were made in cias so-
lution composed of 450 mM or 150mM HC titrated with Tris base to pH

TABLE 1 C*24 P
oeemfoim kmicrelukum ndwuced by C1-contak*ig and Cl-free soutons

Release at Release at
Reference 10 ms 50 Ms
solution (nmol (nmol

Salt plus ligand Ca2+/mg) Ca2+/mg)

K-guc(n = 7) RF 1.7 ± 1 9.8 ± 5
+ ATP 5.5 ± 3 55.8 ± 10
+ caffeine 10.8 ± 3 32.1 ± 5
+ ATP + Mg2+ 4.0 ± 3 12.6 ± 1
+ATP+RR 2.8±3 73±1
+ RR ND. 0.15 ± 0.1

Tris-uc(n = 3) RF 1.9 2 4.9 4
+ ATP 6.9 4 32.0 2
+ caffeine 14.9 9 30.8 12
+ ATP + Mg2+ 5.6 3 9.1 3
+ ATP + RR 3.2 2 6.1 4

Tris-a (n = 3) RF 24.4 12 413 ±10
+ ATP 40.4 4 58.1 2
+ caffeine 19.9 3 48.0 11
+ ATP + Mg2 26.6 5 63.7 3
+ ATP + RR 4.2 3 9.2 5

Chol-C (n =8) RF 183 ±9 41.4 7
+ ATP 29.8 3 55.8 6
+ caffeine 21.1 5 47.0 7
+ ATP + Mg2 14.8 5 45.9 10
+ ATP + RR 7.2 2 12.2 2
+ RR 15 ±1 1.0 0.4

KC (n =4) RF 13.7 5 34.4 1
+ ATP 30.4 13 462 ±19
+ caffeine 13.7 ± 6 45.1 ± 4
+ ATP + Mg2+ 29.8 ± 6 55 ± 14
+ Al? + Mg2+
(15mM) 2.5±2 6.5±2

+ ATP + RR 3.0±2 7.5±3

45Ca2+ release at 10 ms and 50 ms was measured in reference solution (RF)
consing of 150 mM C+A-, 1 mM Ca(acetate)2, 1.25 mM Na2EGTA
(1 ILM free Ca2` 20 mM Tris-HEPES pH 7.2 plus the following ligands:
5 mM total Na2ATP (ATP), 20 mM total caffeine (caffeine), 5.1 mM total
Mg (acetate)2 plus 5 mM total Na2ATP to yield 0.8 mM free Mg2+ (ATP
+ Mg2`), and 5 mM Na2ATP plus 20 ILM total ruItenium red (ATP + RR);
In K-gluc and chol-C! solutions ruthenum red was also tested i reference
solution wihout ATP (RR). In KG solutons, Mg62 was also tested at a total
a fcentaion of 203 mM Mg(acetate)2 phls 5 mM total Na2ATP to yield
15 mM free Mg2+. n is number of determninmtins in duplicate at exwh time.
N.D, not detectabl.
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72 The trans soluton was composed of 50 mM HC titrated with Tris base
to pH 72 in all cases. In some experiments, the cis sohlion was composed
of 220 mM CaCI2 and 10 mM HEPES-Tris pH 7.2, whereas the trans so-
lution was 20 mM CaC12 and 10 mM HEPES-Tris pH 71 Records were
low-pass filtered at 0.1 KHz and digifized at 0.5 kHz.

Clofibric acid and procaine solutions
Stock sohltions of clofibric acid and procaine were prepared in 95% metha-
nol at accentrations of 300 mM and 1 M, espectively. In plana bilayer
recordings the final concentation of methanol in the cis planar bilayer
sohlion at 10 mM drug concenation was -1-3% (v/v) In control re-
cordings, methanol had no effect on single channel activity up to a final as
solutio concentrati of "5% (vhv). The stock clofibric acid solution was
neutrlized with solid Tns base, and the stock soluion of procaine was
neutralized with Ha. Appropriate contrl were performed with a pH elec-
trode. In rapid fiktaions, the pH of reference soluions containg clofibric
acid or procaine were adjusted at the moment of use.

Chemicals and abbreviatios
Na2ATP, procaine, and clofibric acid were from Sigma Chemical Co. (St
Louis, MO) Ruthenium red (ruthenium Il chloride oxide) was from Alpha
Products (Andover, MA) hCa2+ (1 CVimmol) was from Du Pont-New Eng-
land Nuclear (Wilmigton, DE). Potassium chloride, choline chloride, po-
tassum gluconate, cesm chloride, cesium MSF, calcium acetate, mag-
nesim acetate, Tris base and gluconc acid were from Sigma Chemical Co.
Choline chloride was purchased monthly, and older batches were discarded.
EGTA (ethykneglycol-bis-(3-aminoethyl ether) NN,N',N'-tetra acetic
acid); HEPES (N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid);
MES (24N-morpholinoJ ethane-sulfoni acid); PIPES (piperazine-N,NX-
bis-2-ethanesulfonic acid). Tris (Tris[hydroxymethylJ aminomethane).

Protein assay

Protein concentraion was determined usin a Bio-Rad Kit (Richmond, CA)
with bovine serum albumin as standard.

RESULTS

Ca2+ release rate in the presence and
absence of Cl-

As shown in Fig. 1 we investigated the effect of C1- on the
SR Ca2+ permeability by comparing the amount of 'Ca2"
released as a function of time in five samples of SR, each
separately equilibrated in a Cl--free (curves 1, 2) or a C1--
containing (curves 3, 4, 5) univalent salt solution. The total
45Ca2' content was approximately the same in all cases, and
the values were indicated in Materials and Methods. Release
was stimulated by a rapid change in extravesicular 7 nM free
Ca2+ and 5 mM total Mg2t to extravesicular 0.4-1 pM free
Ca2+ and nominally 0 Mg2+, as delivered by the reference
solution. Ihe composition and concentration of the univalent
salt inside the SR and in the reference solution was the same
in each case. The 45Ca2+ content at t = 0 ms was established
by delivering the reference solution to the SR sample for a
nominal time of 2 ms. The ICa2+ content at t = 0 did not
change when 20 ILM ruthenium red was included in the ref-
erence solution during the filtration. Comparison of the five
curves indicated that Ca2+ release proeeded much faster,

loaded into the lumen, when the SR and the reference so-

lution contained 150mM Cl-. In SR equilibrated in KCI (Fig.
1, curve 5), release reached ""0.012 pmol 'Ca2t/mg in 10
ms (A) and was equivalent to %'20%o of total 45Ca2+ content
(B). Release in the same solution was ""0.035 pLmol
'Ca2t/mg at 50 ms and was equivalent to -50% of the total
45Ca2+ content The total 45Ca2+ released from KCI-
equilibrated SR during a filtration time of 9 s, the longest
time attainable by the instrument, was typically 65-70% of
the 45Ca2t content at t = 2 ms (not shown). The data shown
in Fig. 1 indicated that 45Ca2+ release from this pool in KCI-
equilibrated SR was extremely fast and was almost complete
in 50 ms, the longest filtration time employed here. The re-

lease rate in KCI, after subtraction of a background release
measured in the presence of ruthenium red (Table 1), varied
between 1.1 g±mol Ca2` mg-1 S1 in the interval between 2
and 10 ms and 0.5 pmol Ca2t mg-' s' in the interval between
20 and 50 ms. The release rates in KCI were in agreement
with reports of others using the same technique (Sumbilla
and Inesi, 1987; Calviello and Chiesi 1989). A high rate of
release, like that in KCI, was also observed when SR was

equilibrated in choline-Cl (curve 4) or Tris-Ci (curve 3). This
result demonstrated that the chemical nature (organic versus
inorganic) of the monovalent cation bathing the SR did not
greatly affect the Ca2+ release rate. However, a significantly

lower rate of release was observed when Cl- was replaced
by gluconate- with either Tris+ (curve 2) or Kt (curve 1) as

cations. In both instances, the release was no more than 20%0
of the 45Ca2+ content at 50 ms. The release rate in
K-gluconate was approximately linear in the interval be-
tween 2 and 50 ms and was --0.15 pmol mg-' s-1, a value
3-7 times lower than those measured in KCI.
The difference in release rates between the Cl--free and

the Cl-containing solutions could not be explained by dif-
ferences in the free Ca2` of the reference solution nor by
differences in the 'Ca2` content ofthe different preparations.
For example, the free Ca2t of the reference solution in
K-gluconate and KCl were closely matched (0.8 pM and 1.0
pM, respectively); however, the releases at 10 ns differed
-8-fold. In another case, the 45Ca2` content of SR prepa-

rations equilhbrated in Tris-gluconate and Tris-Cl were iden-
tical (49.8 + 9 nmol/mg and 49.1 + 22 nmo/mg, respec-

tively), and the free Ca2t of the respective reference solutions
were nearly identical (0.8 vs. 05 FM; see Materials and
Methods), yet releases at 10 ms differed ""13-fold. Further-
more, when the free Ca2t ofthe reference solution in 150mM
choline-Cl was matched by Ca2+ electrode to that of the ref-
erence solution in 150 mM K-gluconate, the release in
choline-l was unchanged (see Materials and Methods).
To better define the mechanism of Ca2t release stimulated

by Cl-, we investigated whether Cl- enhanced the release
rate by interacting with a preferential face of the SR mem-

brane. This was done, as shown in Fig. 2, by exposing SR
equilibrated in K-gluconate or choline-Cl- to reference so-

lutions of either kind. In these experiments, we extended the
time course of release from 50 to 200 ms to ensure that a

and reached a greater percentage of the total 'Ca2 initially
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component of release was not inadvertendy missed by the
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shorter time scale chosen for the previous figure. Curves 1
and 4 of Fig. 2 A represent releases from SR containing
K-gluconate or choline-Cl on both sides of the membrane.
The small release in the Cl--free salt and the much larger
release in the Cl- containing salt were essentially completed
in 50 mis, and the SR 5Ca2' content was invariant with time
during the next 150 ms. Exposure of SR without Cl- in the
lumen to external Cl- (curve 3) resulted in an increase in the
release rate. The extent of release at 200 ms was similar to
that observed in symmetrical Cl- solutions. On the other
hand, exposure ofSR containing Cl- in the lumen to external
Cl--fee conditions (curve 2) resulted in a much smaller re-
lease than that induced by external Cl-. Controls shown in
Fig. 2 B indicated that ruthenium red blocked release in all
cases. From these results we concluded that external Cl- was
much more effective than internal Cl- in increasing the SR
Ca2" permeability. Because Cl- was more effective in re-
leasing Ca2' when present on the membrane side opposite to
that where Ca2" is stored, a mechanism of stimulation of
release in which C- movement compensated for the charge
movement of Ca2> was considered unlikely.
As shown in Fig. 3, we further investigated the contribu-

tion of charge compensation and two other possible mecha-
nisms, Ca2+-Ca2+ change and a nonsecific SR leakage, to
Ca" release stimulated by C-. As shown in Fig. 3 A, the

A B

relatively slower and smaller release of 45Ca2+ obrvd iIn
SR equilibrated in K-gluconate could not be increased by 1
pg/ml valinomycin (curves 1 and 3 of Fig. 3 A). As this is
a large concentration of K+ carrier, which i ased the K+
conductance of a planar bilayer at least five orders of mag-
nitude (not shown), this result sggested that (a2+ fluxes in
the Cl--free solution were not kinetically limited by the
movement of charge across the SR membrane that is nec-
essary to compensate the Ca2+ flux. Similarly, no effect of
valinomycin was observed in symmetrical solutions of KCI
(curves 2 and 4 of Fig. 3A) orwhen K-gluconate was present
in the SR lumen and choline-Cl was present in the myo-
plasmic face (acrves 5 and 6 of Fig. 3 B). The latter result
is also sigificant because it argues against the development
of a significant membrane diffsion potential during the
stimulation of release by Ca. We also considered the pos-
sibility that the Ca2 flux stimulated by Cl- did not represent
a net flux but corresponded to a Ca2+-Ca2+ exdhange reaction
of the type catalyzed by the SR Ca2+ pump. If this were the
case, K+-valinomycin would not have stimulated release be-
cause there was no net movement of charge. To determine
the contribution of Ca2+-Ca2+ exchange to the total flux,
isotopic 'Ca2+ was added to the reference solution at the
same specific activity present in the 45Ca2+ loading solution.
IfCa2+-Ca2+ exchang were stimulated by Cl-, the total Ca2`

80r

0
'ne (msec)

100

Time (msec)

C D

V60~~~~~~~~

ud COd -
1U 0 0

to 10

40 (1 0

'rime (msec) nme (msec)
FIGURE 3 Controls of Cl- dependent Ca2+ rease in symmetrical and asymmetrical monovalent soluons. (AB) SR samples were separately equibrated
in 45Ca2+ loading sohlion containing 150mM K-gluconate (curves 1, 3, 5, and 6) or 150mM KCI (curves 2 and 4). Release was initiated by rapid fitration
with reference sohtion c ntaing 150mM K-glucnate (curves 1 and 3), 150mM KCI (curves 2 and 4) or 150 mM choline-C (curves 5 and 6). Reference
solutions contained 1 pg/ml valinomycin in acrves 1, 2, and 5. (C) SR was equilibrated in 45Ca2+ koding sohtion containg 150 mM choline-C (curves
1 through 4). Release was initiated by rapid filtraion with reference solutions contiing 150mM doline-Cl, 125mM Na ETA, 1mM Ca(acetate)2 (cuves
1 and 3) or 150 mM choline-Cl, 1-25 mM Na2EGTA, 1 mM Ca(acetate)2 plus 2000 cpm/nmol 5Ca2+ (curves 2 and 4) Reference sol s cotained 10
ILM d in curves 3 and 4. (D) SR samples were separately equibrated in Ca2+ loading suion taining 150 mM K-gcnate (curve 1) or
150mM K-glcoate with noisotopic5 mM Ca2(acetate)2 plus 10mM[Ifsuose (curve 2). Release was initiated by rapid filtraion with reference soluton
containing 150 mM choline-C (curves 1 and 2).
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flux would be reduced by external isotopic Ca"2+, because
the probability of exchange of a hot or cold Ca2+ from the
lumen with a hot or cold Ca2" from the external solution
would be the same (Sumbilla and lnesi, 1987). On the con-
trary, releases in SR equilibrated in choline-Cl were the same
in the absence or in the presence of external isotope (curves
1 and 2 of Fig. 3 C) and in the absence or presence of the
Ca2+ pump inhibitor thapsigargin (curves 3 and 4 of Fig.
3 C). These results indicated that the release stimulated by
Cl- represented a net Ca2" flux and was not caused by a
Ca2+-Ca2+ exchange reaction. Other Ca2+ pump inhibitors
that had no effect on the Cl- dependent release were cyclo-
piazonic acid (100 p.M) and quercetin (20 pM), indicating
that the Ca2+ pump was unlikely to mediate the observed
changes in Ca2+ permeability. Finally, the Cl--induced re-
lease did not represent a nonspecific leakage, given that other
compounds trapped in the SR lumen such as [3Hlsucrose
(Fig. 3 D, curve 2) could not be released after exposure of
SR to Cl-.
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Anion of Cl-dependent Ca2+ relase
Inasmuch as gluconate- was used to replace Cl- in most
cases, it became important to determine whether the low
Ca2' permeability of the SR seen in reference solution con-
taining gluconate- was caused by a deleterious property of
the organic anion rather than by the specific absence of C1-.
We therefore explored whether anions other than gluconate-
could also reduce the SR Ca2+ permeability. Fig. 4 shows
rapid filtrations carried out for 100 ms in SR equilibrated in
45Ca2+-loading solution containing 150 mM univalent anion
with Tris+ as cation (top) or K+ as cation (bottom and inset).
Release was initiated by reference solution prepared in the
same salt (hatched bars) or in reference solution plus 20 p.M
ruthenium red (filled bars). Ca2+ release was two to four
times higher in the presence of Cl- than in the presence of
any other organic anion used to replace Cl-, regardless of
whether K+ or Tris+ was present in the salt In particular, the
release in the presence ofMSP or HEPES- was essentially
the same as that descnbed above in the presence of gluco-
nate-. Furthermore, the inset indicates that Cl- could not be
replaced by other halides in the series. Thus Br- and I-, like
the rest of the organic anions, were not able to support Ca2+
release to the same extent as Cl-. The anion potency series
that emerged from these studies was Cl- >> HEPES-
MSF- gluconate- > acetate- > Br- > 1- and was essen-
tially the same in the top (Tris+) and bottom (K+) panels of
Fig. 4. From these results we concluded that Cl- facilitated
SR Ca2+ release and that the specific absence of Cl- from the
reference solution resulted in inhibition of a component of
Ca2+ release.

Effect of ryanodine receptor ligands on
Cl--dependent Ca2+ rls
To determine whether Ca" release in Cl--free and CF--
containing solutions occurred by activation of ryanodine re-
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FIGURE 4 AnionselecivityofCl --induced SRCa2 release. SR samples
were separately equiibrated in 'Ca2 loading solution containing 150CA-
of the indica compos Rapid filtrations were carried out for 100 ms
in reference soi containing 150mM TrisA- (top) or 150 mM K+A-
(inset and boutom) of the same compositon loaded into the SR lumen. Filled
bars represent rekase in reference solutions containing 20aM ruhdenium
red.

ceptors, in Fig 5 we compared releases in reference solution
in the absence (curve 1) and presence (curves 2-5) of ry-
anodine receptor ligands. The ligand dependence of Ca2+
release measured in SR equilibrated in 150mM K-gluconate
was typical of ryanodine receptor mediated fluxes. The ago-
nists ATP, at a concentration of 5 mM (Fig. 5 A, curve 2),
and caffeine, at a concentration of 20 mM (curve 3), in-
creased the release rate measured between 2 ms and 20 ms
from the value measured in reference solution (0.15 pmol
mg-t s-') to 0.5 pAmol mg-' s-1 (3.3-fold) and 1.5 pmol mg-'
s-' (10-fold), respectively. The inhlbitor Mg2+ at a free con-
centration of 0.8 mM (curve 4) reduced the release rate
stimulated by ATP in the same time range to 038 p.mol mg-I
s- (4-fold). The blocker ruthenium red at a concentration of
20 pLM (curve 5) reduced the ATP-stimulated release to a rate
slightly lower, on the average, than that of the reference so-
lution. Ruthenium red in the absence of ATP reduced the
release rate to no more than 0.04 p.mol mg-' s-' (Table 1).
Except for the free Mg2 in curve 4, all ligands were present
at concentrations that produced the highest stimulation or
inhibition. The stimulation byATP was in quantitative agree-
ment with that reported by Calviello and Chiesi (1989) using
the same flux technique. Moreover, the pattern of release
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Cl--Induced SR Ca2+ Pelease

FIGURE 5 Ligand dependence of
45Ca2+ release in Cl--free and Ca--
containing reference solutions. SR
smples were separately equilibrated in
45Ca2+ "lading solutios contning 150
mM CA- indicated in each panel (A-
D). Release was initiated by rapid fil-
tration with reference solution contain-
ing the same 150mM C+A- loaded into
the SR humen. The following ligands
were added to each reference sohlion.
Cuve 1(A): no Curve 2(0):
5 mM Na2ATP. Curve 3 (0): 20 mM
caffeine. Curve 4 (LI): 5 mM Na.ATP,
5.1 mM Mg(acetate)2 Curve 5 (A): 5
mM Na2ATP, 20 LM ruthenium red.
lb h45Ca2+ content at t = 2 ms ofcurves
1-5 of each panel was not significanty
different. Tese data were pooled and
labeled 0% release. 45Ca2+ content at t
= 2 ms was 59.1 + 15.5 nmol/mg (A);
49.8 ± 9.0 nmol/mg (B); 49.1 + 22
nmollmg (C); 71.7 2+ 16.6 nmoVmg
(D).

produced by the five solutions, including the quenching of
the ATP-stimulated release by ruthenium red (curve 5),
agreed with the results of Meissner et al. (1986) and were

consistent with a Ca2+ flux mediated entirely by ryanodine
receptors.

Fig. 5 B shows that the same pattern of curves 1-5 was

obtained in SR equilibrated with Tris+ as the main mono-

valent cation, meanwhile keeping gluconate- as the main
anion. This suggested that the nature of the monovalent ca-

tion was of little consequence for a ryanodine receptor-
mediated SR Ca" release. On the other hand, replacement
of gluconate- by Cl- while maintaining Tris+ as cation (Fig.
5 C) resulted in a pattern of Ca" release that was signifi-
candly different from that of ryanodine receptor-mediated
release. The release rate measured in reference solution be-
tween 2 and 20 ms in SR equilhbrated in Tris, was 2
p.mol mg-1 s- , a value 13 times higher than that measured
in K-gluconate. Furthermore, ATP could only stimulate this
high basal rate to -3.6 j±mol mg-' s-'. In additon, the cho-
sen free Mg>+ of 0.8 mM did not inhlbit the ATP-stimulated
release. Thus, the Mg2> curve in Fig. 5 C (curve 4) was

essentially identical to the nonstimulated release (curve 1)
and to the nucleotide- and caffeine-stimulated releases
(curves 2 and 3). The same change in ligand dependence was
observed when choline+ replaced Tris+ (Fig. 5 D), demon-
strating that these were modifications introduced by Cl- and
not by a specific Cl-/cation pair. However, an important
point of similarity with the Ca>2 releases from SR equili-
brated in the Cl--free solutions was the fact that releases in
Tris-Cl and choline-Cl, like those in gluconate- salts, were
blocked by ruthenium red (curve 5).

Average Ca2> release stimulated or inhibited by ryanodine
receptor ligands at the shortest (10 ms) and longest (50 ms)

experimental time for SR equilibrated in each of the salts
described above, and in SR equilibrated in KCl, are shown
in Table 1. Releases in different salts can be compared di-
rectly without normalization because the 45Ca2+ content after
passive loading were approximately similar (see Materials
and Methods). It is important to emphasize that ruthenium
red blocked release in the presence ofATP to approximately
the same extent in all salts. Ruthenium red also blocked Ca2+
release in Cl--free (K-gluconate) and C1- containing (cho-
line-Cl) reference solutions in the absence of ATP. This ob-
servation validated the use of ruthenium red as an effective
Ca2+ release-quenching agent to determine the total 45Ca2
content of the SR in all cases. As the data in Table 1 indicate,
the pattern of changes in the release rate expected of a ry-

anodine receptor-mediated release, such as the stimulation of
release by ATP or caffeine and subsequent inhibition by
Mg2+, was much more pronounced in SR equilibrated in
K-gluconate or Tris-gluconate than in SR equilibrated in
KCl, which is the standard choice of univalent salt in SR
45Ca2+ release experiments (Meissner et al., 1986; Palade,
1987; Calviello and Chiesi, 1989). At 50 ms, the stimulation
of release by caffeine relative to the release seen in reference
solution was 5.7-fold and 6.5-fold, respectively, in
K-gluconate and Tris-gluconate but no more than 1.4-fold in
KCl. Based on these observations we formulated the hy-
pothesis that the total SR Ca2+ release was comprised of two
components, a Ca2+ release component mediated by ryano-

dine receptors and a component activated when the reference
solution contained CF-. The presence of a Cl- dependent
pathway in parallel with ryanodine receptors would explain
the comparatively lower stimulation of release by ATP and
caffeine observed in the presence of Cl-.
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Inhibitfon of Cl-dependent release by MJg2+ and
ruthenium red

Since Mg2" and ruthenium red blocked the ryanodine re-
ceptor mediated release as well as the C--mediated release,
it became important to determine the apparent affity of
inhlbition of each component of release by these ligands. A
lower affinity of inhibition by Mg2" in the presence of Cl-
was suggested by the fact that 0.8 mM free Mg2 was suffi-
cient to block ATP-stimulated release in Cl--free salts, but
a higher concentration was necessary to cause the same in-
hibition in KCI (Table 1). Fig. 6 shows dose-dependent in-
hibition of release in SR equilibrated in K-gluconate (curve
1) or two Cl- containing salts, KCl (curve 2) and choline-Cl
(curve 3). To achieve approximately the same release with
each salt in the absence ofMg>+ or ruthenium red, we supple-
mented the reference solutions with 5 mM total Na2ATP and
increased the free Ca2+ to 10 pM. In these conditions, -80o
of the loaded 'Ca21 was released by each reference solution
within 100 ms, which was the filtration time chosen for this
study. Fig. 6A shows that the half-inhibitory concentration
of free Mg2' in SR equilibrated in K-gluconate was -1 mM,
whereas it increased to 5-10 mM in the C--containing SR.
On the other hand, the half-inhubitory concentration of ru-
thenium red (Fig. 6B) in SR equilibrated in K-gluconate was
-0.8-1 pM and increased to 3-5 pM in the CF-containing
SR. Thus, releases in the presence of Cl- were significantly
less sensitive to inhibition by free Mg>+ and ruthenium red
than those in Cl--free SR.

Lack of an effect of Cl- on the open probability
ryanodine rceptor channel

A stimulation ofthe ryanodine receptor channel by Cl- could
account for the higher concentration of Mg2> required to
inhibit release in the presence ofCl-. This stems from the fact
that if a given reference solution stimulated the Ca2> release
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channel to a much higher open probability, a higher con-
centration ofMg> would be needed to reduce the open prob-
ability to a background leveL and thus reduce the release rate.
We therefore investigated whether CF- increased the activity
of ryanodine receptor channels by comparing single channel
recordings in planar bilayers in high- and low-C- solutions.
Fig. 7 shows two separate recordings performed in salt gra-
dients consisting of 250 mM CsCl or 240 mM CsMSF plus
10 mM CsCl in the myoplasmic-equivalent chamber and 50
mM CsCl or 40mM CsMSF plus 10 mM CsCl in the lumen-
equivalent chamber at 0 mV holding potential. A low con-
centration of CsCl was deemed necessary in the case of re-
cordings in CsMSF to stabilize the Ag/AgCl electres.
Channel activity in the high or low Cl- solutions was sparse
and typical of skeletal-type channels (see Coronado et al.,
1992). Open events were usually brief, with a population
mean of 0.5-1 ms in duration. The free Ca2> of the
myoplasmic-equivalent solution measured by Ca2" electrode
was in the range of 1-4 pLM and was the same in both cases.
Occasional long openings are shown at the bottom of each
panel to indicate that the mean open-channel current was the
same in both solutions. This was expected, as the Cs' gra-
dient was the same in both cases and anions do not permeate
through the channel (Smith et al., 1988). In Table 2 we show
the average open probability of 12 separate recordings made
in each of the two solutions. Each of the 24 recordings con-
sisted of no less than 60 s with no less than 700 open events
collected from five different SR preparations. Differences
between the sample means were not statistically significant
and indicated that Cl- in the concentration range of 10-240
mM had no effect on ryanodine receptor open probability. To
verify that the high Cl- solution had in fact stimulated Ca2+
release, we performed rapid filtrations in SR equilibrated in

250/50 C9s 240/40 CsMLSF + 10/10 Cs(C
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FIGURE 6 Inhibition of Cla-dependent Ca2+ release by Mg2+ and ru-
thenium red. SR samples were separately equih-brated m 45Ca21 loading
solution contaiing 150mM K-ghonate (curve 1), 150mM KC (curve 2)
or 150 mM choline-a (curve 3). Release was initiated by rapid fitration
for 100 ns with reference solution containing 150mM Kgluconate (curve
1), 150mM KCI (curve 2), or 150mM choline-C (curve 3). (A) Reference
soluton ofpCa 5, 5 mM total Na2ATP, and Mg(acetate)2 to yield the spec-
fled free Mg2+ cocentraton. (B) Reference soluion of pCa 5, 5 mM total
Na2ATP, and specified contaon of ruthenium red.

LIL)m L o
170 mo

FIGURE 7 Ryanodine receptor channel recordings m low and high Cl.
Two separate recordings are shown in cis 250 mM CsCl and trans 50mM
CsCl (left); and in cis 240 mM CsMSF, 10 mM CsCI and trans 40 mM
CsMSF, 10mM CsCI (right). Holding potential was 0 mV. Thi line under
each trace indicates average baseline.
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Ct-Irduced SR Ca2W+ elePase5

TABLE 2 C1-dependen- Ca+ rel and Byuiode
cp or napein w ad h iC-

45fC2+ Rese Fx, nmol/mg (n = 4)

Reference 240 mM CsMSF
Solution 250 mM CsMSF +10 mM CsCl 250 mM CsCl

pCa6 24.5±3 295±3 57.9±03
pCa"6 343 ±0.4 30.6 2 57.4 0.2
pCa 6 + RR 3.2 2 8.6 2 213 ±7
pCa 6 + RR 0.7 1 16.4 2 14.7 5

Ryanodine Receptor Open Probability,
po (n = 12)

Cis solution 240 mM CsMSF
pCa -6 +10 mM CsCI 250 mM CsCl

Po 0.10 ± 0.08 0.106 ± 0.05
Total recording time (s) 1240 1061

45Ca2+ oadinig sohion was 5 mM 'Ca(acetate)2, 10mM HEPES-TRIS pH
7.2 phls the indicated CsMSF and CsCl c ati Reference soluion
(pCa 6) was 1.25 mM Na2EGTA, 1 mM Ca(acetate)2, 10 mM HEPES-TRIS
pH 7.2 plus the indicatd CsMSF and CsCI concentra Release solution
with contaminat-free Ca2+ (pCa -6)was 10mM PES-TRISpH 7.2 plus
the indcated CsMSF and CsCl conenaion without EGTA or added Ca
(atate). TIhe total 45Ca2+ actent of SR equilibrated in bading solution
containing 250mM CsMSFwas 87±2 In SR equiibratd in 240
CsMSF plus 10mM CsCl was 75 ± 16 nmo/mg In SR equilirted in 250
mM CsC1 was 89 ± 11 nmonmg Rutheni red (RR) concentaion was
20 LM andwasadded to the ferencesolution. n, number ofrapidfiltons
(t = 10 ms) each made in duplicate, or number ofplanar bilayer rdings
each contag a sing ryanodine receptor channeL Cis and trwzs planar
bilayer recording soltions were descnrbed in Fig 4.
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the same high- and low-a- solutions used for single channel
recordings. Table 2 showed that 45Ca2+ release in SR equili-
brated in 250 mM CsCl- was significantly higher than that
of SR equilibrated in 240 mM CsMSF plus 10 mM CsCl-.
In addition, 'Ca2" release in the low Cl- solution was similar
to that observed in 250 mM CsMSF in the absence of added
Ca-. These results indicated that a--dependent Ca2" release
was indeed stimulated in the high-Cl- solution but was not
present in the low-Cl- solution. If the ryanodine receptor had
mediated the a- dependent release detected by rapid fil-
tration in the high-a- solution, the open probability ofchan-
nels recorded in this solution should have been higher than
that of channels recorded in the low-C- solution. This was
not the case; therefore, the Cl--dependent release was un-
likely to have originated from a--mediated changes in ry-
anodine receptor open probability.

Inhibition of C l-dependent Ca2+ rease by
clofibric acid and not by procaine
A pharmacological separation of the Cl--dependent Ca2+ re-
lease and the ryanodine receptor-mediated Ca2+ release was
possible using the local anesthetic procaine, which is known
to block ryanodine receptors (Xu et al., 1993), and clofibric
acid, which is known to block muscle Ca- channels (De Luca
et al., 1992). To separate the relative contribution of the ry-
anodine receptor and non-ryanodine receptor pathways, ex-
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FIGURE 8 Pharmacolical profile of Cl0-dependent Ca2+ rekase. SR
samples were separately equiliated in 4Ca2+-loading solui conting
150 mM K-ghRonate (A), 150 mM KCI (B), or 150 mM choline-Cl (C).
Release was initiated by rapid filtration for 100 ms with reference sohion
ctaining 150 mM K-gnate (A), 150 mM KCI (B) or 150 mM
choline- (C) Additios to the reference solutions were: none (RF); 20
mM caffeine (Caff); 10 mM procaine (Proc); 10 mM clofibric acid (Clof);
20 LM ruthenim red (RR); 20 mM caffeme phls 20 LM ruthenmm red
(Caff+RR), or 10mM clofibric acid phls 20pM ruthenium red (Clof+RR).
Total 45Ca2+ content labeled 100% corresponds to 70 5 nmol/mg (A), 77
±13 nmol/mg (B) and 80 + 6 nmol/mg (C). Error bars rpret S.D. of
three determinatio each in duplicate.

periments of Fig. 8 were performed in SR equilibrated in
K-gluconate (A) and separately in SR equilibrated in KCI (B)
or choline-Cl (C). The rationale for selecting these salts is
found in the ligand-dependence of Ca2" release when the SR
is equilibrated in K-gluconate, choline-Cl, or KCI (Table 1).
Ca2+ release from SR equilibrated in K-gluconate adhered
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closely to the pattern of stimulation and inhibition expected
of ryanodine receptors. However, the Ca2" release from SR
equilibrated in choline-Cl lacked modulation by ryanodine
receptor ligands and suggested that ryanodine receptors only
made a small contnbution to the total release in this case. It
was thus expected that pharmacological differences between
the ryanodine receptor and the CF-dependent pathways
would become apparent by comparing responses to procaine
and clofibric acid in SR equilibrated in each of the two salts.
On the other hand, a less pronounced difference between the
pharmacological agents was expected in SR equihibrated in
KCI, given that both components of release would be op-
erative in this salt. To simplify the interpretation of the re-
sults, all ligands and dugs were present in the reference
solution exclusively. Thus, they were in contact with the SR
only during the rapid filtration, which was 100 ms in all
cases. The data shown in Fig. 8A indicated that in Cl--free
SR, procaine (10 mM) produced a complete block of the
release initially stimulated by the reference solution. As ex-
pected, ruthenium red (20 p.M) inhibited release in all con-
ditions and in all salts. The stimulation of release by caffeine
and block by procaine clearly identified the ryanodine re-
ceptor as the main pathway for C(2+ release when measure-
ments were done in SR equilihbrated in Ca--free solution. In
contrast, the data in Fig. 8 C showed that procaine had no
effect on the Ca2+ release measured in choline-Cl. We thus
concluded that Ca2+ release in SR equilibrated in choline-Cl
was not mediated by ryanodine receptors. Results in SR
equihibrated in KCI (Fig. 8 B) were intermediate to those in
K-gluconate and choline-Cl in that caffeine and procaine,
respectively, produced a slight stimulation and inhibition of
release as measured at a single time of 100 ns. On the other
hand, clofibric acid (10 mM) inhibited Ca2+ release in SR
equilibrated in choline-Cl more than in SR equilibrated
in KCl, whereas it stimulated release in SR equilibrated
in K-gluconate. The dual effect of clofibric acid and the

-20 mV

5lAUi

absence of inhibition of release by procaine in SR equili-
brated in choline-Cl clearly demonstrated that the Cl--
dependent release was pharmacologically distinct from
the ryanodine receptor-mediated Ca2+ release. Other Cl-
channel blockers that were tested but had no effect
on Ca2+ release at concentrations of 1.5-10 mM were
anthracene-9-carboxylic acid, diphenylaminecarboxyl-
ate; 4,4'-diisothiocyanostilbene-2,2-disulfonic acid), 5-
nitro-2-(3-phenylpropylaminobenzoic) acid, niflumic
acid, and gallic acid.

A nn e SR Cl- channel blcked by
ruthn ium red and clibric acid

To identify a channel that could potentially mediate the Cl--
dependent release, we searched for SR CF- channels that
were sensitive to ruthenium red. At least two types of Cl-
channels have been observed in SR fused to planar bilayers.
Low conductance types have been reported to have unit con-
ductanes in the range of 55-116 pS in recording solutions
containing 100-500 mM Cl- (Rousseau et al., 1988; Rous-
seau, 1989; Kawano et al., 1992). Larger conductance types
display multiple states in the range of200-400 pS in 100mM
C- (Tanifuji et al., 1987). A preliminary screning revealed
that the large conductance channels were insensitive to ru-
thenium red up to a concentration of 60 pM. Thus, we focus
on the low-conductance anionic channels ofSR. Fig. 9 shows
an anion selective channel that was frequently recorded in
solutions consisting of cis 450mM Cl- and trans 50mM Cl-
with Tris+ as the cation. The unit current was -1 pA at0 mV,
and the reversal potential was + 10 mV. The kinetics ofopen-
ing and closing consisted of a rapid flickering interspersed
with long closed events lasting several seconds. Substate
conductances were also present, but these were difficult to
resolve. As shown by the bottom records, addition of 20 ,uM
ruthenium red to the cis solution resulted in a reduction of

0 mV
w*

lOmV

---A L " k -.-

FIGURE 9 Single cel recordin of
nonselective Cl- cannels Cis solution was
composed of 450 mM Tris-CL The trans so-
hltio was composed of 50 mM Tris-a. Ru-
thenmm red (20 pM) was added to the cs
solution. Bottom center and right panels are
consecutive recordings following additfi of
ruthenium red

+20 mV. control +20 mV, RR +20 mV. RR
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Cr-Inrdced SR Ca2 Rebease

the open probability immediately after addition and stirring
of the cis solution (bottom center) and a complete block at
longer times of exposure (bottom right).
We further characterized the ionic permeability of this

channel to determine whether Ca>2 could serve as a current
carrier. A current-voltage curve of the nonselective channel
in the Tris-Ci gradient is shown in Fig. 10 A. The slope
conductance in the voltage range ofthe reversal potential was
-200 pS and decreased to 50 pS at negative potentials. The
reversal potential, intermediate between the Tris+ and the
Cl- equilibrium potential indicated by the arrows, indicated
a permeability ratio PPyTT= 1/05. In the same solutions,
it was possible to record ryanodine receptor Tris+ current
with a slope conductance of -30 pS. Ryanodine receptor
channels were identified in these solutions by the brief open
time that was increased by 5 mM Na2ATP and blocked by
1 pLM ruthenium red (not shown). A current-voltage curve of
the nonselective channel in recording solutions consisting of
cis 440 Cl- and trans 40 Cl- with Ca2' as cation is shown
in Fig. 10 B. The slope conductance in the voltage range of
the reversal potential was -150 pS and decreased to 50 pS
at negative potentials. The reversal potential indicated a per-
meability ratio Pa/PC,= 1/0.3. Thus the channel displayed a
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gnificant permeabilty toward divalent cations. Algh
rarely, it was also possible to record ryanodine receptor Ca"
curent in these soluions with a single chanel slope conduc-
tance of -90 pS. Recordings of nonselective channels and ry-
anodine recepto channels in the CaCI2 solutions at +20mV are
shown at the botoL At this voltage, Ca2> is the main current
carrier in both cases. These recordings clearly identified a novel
channel sensitive to nAhenium red and permeable to Ca2+ that
was ahogether different from the ryanodine receptor channe.

Given that clofibric acid increased Ca2' release in
K-gluconate whereas it decreased release in choline-Cl, we
investigated the effect of this drug on the ryanodine receptor
and the nonselective Cl- channel. Ryanodine receptors
shown in Fig. 11 were recorded in standard CsMSF solutions
at 0 mV. Open probability during the control period averaged
0.11 and increased to 0.28 following addition of pH-
neutralized clofibric acid to the cis solution. Thus clofibric
acid produced a significant stimulation of the ryanodine re-
ceptor. The bottom traces show a blockade by procaine of a
separate ryanodine receptor that had control activity similar
to that descnbed above. Procaine added to the cis solution
reduced the open probability of this channel approximately
10-fold to less than 0.01. The requirement of millimolar con-
centrations of procaine for an effective block of the channel
was the same as that reported by Xu et al. (1993) using 250
mM KCI as the recording solution. Nonselective Cl- chan-
nels shown in the same figure were recorded in 150 Cl- with
Tris+ as cation at -40 mV. Addition of clofibric acid to the
same control channel shown on the top recordings resulted
in a dramatic reduction of the single channel current. On the
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FIGURE 10 Current-voltage curves of nonselective Cl- channel and ry-

anodine receptor channel in identical solutions. (A) Current-voltage curves

of ryanodine receptor channel (RYR) and nonselective Cl- channel (NS) in

cis 450 mM Tris-C1 and trans 50 mM Tris-Cl (B) Current-voltage curves

of ryanodine receptor channel (RYR) and nonselective Cl- channel (NS) in
cis 220 mM CaCl2 and trans 20 mM CaCl2 Slope conductance of the non-

selective channel is specified at positive potentials and potentials more nega-

tive than -30 mV. Single channel recordings are at +20 mV in the CaCl2
solutions of (B).

10 mM Clofibrtc acid

-_ _

10 mM Procaine

L - -_- -- a

170m
- -1 -IL.-I -i ec

FIGURE 11 Effect of clofibric acid and procaine on ryanodine receptor
and nonselective Cl- channels. Top and middle records show a ryanodine
receptor channel at 0 mV in cis 240 CsMSF, 10 mM CsCl and trans 40
CsMSF, 10 CsCl before (control) and after addition of 10 mM pH-
neutalized clofibric acid to the cis solution. Bottom recordigs with cis 10
mM procaine are from a separate channel with a similar control activity. Top
and middle records show a nonselective Cl- channel at -40 mV in cis 150
Tris-CI and trans 50 mM Tris-a before (control) and after additon of 10
mM pH-neutralized clofibric acid to the cis soution. Bottom recordingswith
ciS 10 mM procaine are from a separate channel.
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other hand procaine had no discernible effect on the gating
or conductive properties of this channel. These results dem-
onstrated that the opposite effects of clofibric acid observed
on Ca2" release in SR equilibrated in C--free and CF--
containing solutions were likely to arise from the separate
effects of clofibric acid on two different channel populations.
In K-gluconate, clofibric acid would stimulate release by
increasing the activity of ryanodine receptors, whereas in
choline-Cl, clofibric acid would inhibit release by reducing
the single channel current of nonselective C- channels. A
mechanisn bywhich the stimulato ofryanodine receptorchan-
nel in SR equilibrated in choline-C by lofibric acid may not
acotrte to the Ca2+ flux, is described furter below.

Co-ocalization of the Cl--dependent Ca2+ relem
patway and ryanodine receptors

To determine the location of the Cl--dependent Ca2' release
pathway in the SR, we fractionated total SR by discontinuous
sucrose gradient centrifugation into three fractions previ-
ously identified as "light," "intermediate," and "heavy" SR
(Meissner, 1984). As shown by the filled bars in Fig. 12,
[3H]ryanodine binding was the highest in the 36% (w/v)
"heavy" fraction with a binding activity of 0.8 ± 0.08
pmollmg and was the lowest in the 18% (w/v) "light" fraction
with a binding activity of 0.22 ± 0.06 pmollmg. The binding
activity was measured in reference solution in choline-Cl and
did not reflect the total number of high-affinity [3H]ry-
anodine binding sites, inasmuch as stimulatory ligands
were not present in this solution. Previous studies have
shown that the actual binding site density of the "heavy"
fraction in our preparation reaches a near maximum of
-15 pmol/mg under optimal concentrations of stimula-

O K-Gluconate
* Choline-Cl

120

-~100-

20 mM Caffeine X

0d

1~ 28~3eb 18% 28 ^%

Sucrose Density (w/v)

FIGURE 12 C-inucd 45Ca2+ release in light, intreiate m ev
SR Total SR sedimenting at 18%o ("light SR"), 28% ("intermediate SW'),
and 36% ("heavy SR") sucrose was eqilirated in 45Ca2+-loading soluin
containing 150 mM choline-C (hatched bars) or 150 mM K-gluconate
(open )4 45;Ca2+ release was induced by rapid filtration during 50 ms with
reference solutio containg 150mM choline-C (hatchedbas) or 150mM
K-gluconate (oe bar). Filledbars represent specific [3HJryande bind-
ing activity at a cocentration of 7 nM [3IIJyanodfine in reference solution
containing choline-CL 100% refers to bindn activity in heavry SR Error

tory ligands (El-Hayek et al., 1993). 45Ca2+ release was
measured in the three SR fractions after equilibration in
K-gluconate and choline-Cl. To identify ryanodine re-
ceptor activity, measurements were also made in the pres-
ence and absence of 20 mM caffeine. The data indicated
(Fig. 12, hatched bars) that Cl--dependent Ca2' release
was absent in "light" SR and was progressively more
prominent in "intermediate" and "heavy" SR fractions.
Caffeine did not stimulate the Cl--dependent release but
significantly stimulated release in K-gluconate (empty
bars). Moreover, this effect was progressively more
prominent in the heavier SR fractions. From these results
it became clear that the Ca2' release stimulated by Cl-
co-purified with the SR terminal cisternae and appeared
to be absent in the "light" SR fraction.

DISCUSSION

We investigated the mechanism by which Cl- increased the
Ca2+ permeability of the SR membrane. Most flux experi-
ments were done maintaining the internal and external con-
centrations of C1- and those of the replacing anion, as well
as those of the cation in the salt, constant and equal. The
purpose of eliminating monovalent ion gradients was to
avoid an osmotic flow of water into the SR lumen, which
would have resulted in an artifactual release of lumenal
45Ca2` (Meissner and McKinley, 1976). In our hands how-
ever, this osmotic phenomenon did not occur within the
2-200-ms time frame of the present experiments. The results
indicated that the Ca2+ permeability of the junctional SR
membrane is significantly and specifically increased by Cl-
as brought about by a pharmacologically distinct Cl--
dependent Ca2+ release mechanism. We also considered the
alternative hypothesis that Cl- may have directly stimulated
or increased the sensitivity of ryanodine receptors to cyto-
solic ligands. The contribution of ryanodine receptors to the
release induced by C1- was ruled out 1) by single channel
recordings demonstrating that Cl- did not increase the open
probability of the ryanodine receptor, 2) by the pharmaco-
logical profile of Cl--dependent release, which differed in a
significant manner from that of the ryanodine receptor; and
3) by the recording of a novel nonselective Cl- channel leaky
to Ca2+ and blocked by clofibric acid but not by procaine and
thus pharmacologically competent to underlie Cl--
dependent Ca2` release.
The Cl-dependent Ca2" release pathway, like the ryano-

dine receptor, was enriched in the heavy SR membrane frac-
tion. It would thus appear that the two pathways operate side
by side and mobilize Ca2+ from the same pool. This con-
clusion is also strengthened by the measurements in Table 1,
which show that Ca2+ release in KCI does not amount to the
sum of those separately measured in K-gluconate and cho-
line-Cl. Earlier reports concerning Cl--mediated Ca2' re-
lease from various SR preparations gave conflicting results
with regard to its location. Campbell and Shamoo (1980)
suggested two pharmacologically ditinct CF--induced Ca2+

bars represent S.D. of three determinations each in dupLicate.
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respectively. On the other hand, Caswell and Brandt (1981)
suggested a location on the SR terminal cisternae exclu-
sively, whereas Meissner and McKinley (1976) did not ob-
serve marked regional differences in the Cl-dependent re-
lease. In retospect, however, it would appear that not all
C- dependent release mechanisms iniially reported had a
common molecular origin. Meissner and McKinley (1976)
concluded that releases in "light" and "heavy" SR were
caused by osmotic swelling of vesicles, which is expected to
occurwhen an impermeant anion is present inside the SR and
the SR-permeant KCI salt is suddenly presented to the myo-
plasmic face of the SR. In contrast, Campbell and Shamoo
(1980) identified an osmotic swelling-induced component in
the light" SR but a pharmacologically sensitive component
unrelated to swelling in the "heavy" SR. The CF-dependent
release reported by Campbell and Shamoo (1980) in heavy
SR is likely to be related to the phenomenon under study
here.

A plug model for Cl--dependent SR Ca+ re
The block of ryanodine receptor dcanls by procaine in SR
fused to planar bilayers is in agreement with previous data
obtained in purified channelp ati (Xu et aL, 1993),
Ca2+ fluxes in SR equiibrated in KU (Antoniu et aL, 1985;
Palade, 1987), as well as Ca2-inducd Ca2+ release in intact
muscle fibers (Klein et aL, 1992). On the other hand, clofibric
acid (2-[p-corophenoxyj propionc acid) was previously
klown only to block the skeletal muscle sarcolemmal Cl-
current (De Luca et aL, 1992). Thus the inhibition of the
nonselective - channel by clofibric acid but not pocaine
strongly sggested the participation of this channl and not
the ryanodine receptor in Cl-dependent relea. That a Cl-
channel could have a sizable permeabflity for Ca2" and thus
have a large impact on the Ca2` permeability of the SR is not
altogether surprising. Many CU- channels found in surface
membranes and in skeletal muscle and neurons are not ex-
clusively permeable to U- and reveal a generalized perme-
ability toward inorganic cations (Blatz and Magleby, 1985;
Franciolini and Nonner, 1987; Woll et al., 1987). Perme-
ability ratios PCPC,P in the range of 3-9 are conmonly re-
ported for muscle C- channels (Blatz and Magleby, 1985;
Woll et al., 1987). However, the permeability of U- chan-
nels toward large organic anions such as gluconate- and oth-
ers used in this study is low (see Table HI of Franciolini and
Nonner, 1987). The vastly differt ligandependence of
Ca2+ release seen in SR equilibrated in K-ghlconate or
choline-Cl (able 1) could be explained as shown in Fig. 13
by making s htforward aptions about the conductive
propertes ofryanodine receptors and nonselective CU- chan-
nels. We would have to accept the notion that the nonse-
lective channeL even if permeable to divalent cations, could
still be physically narrow and subjected to single-file diffu-
sion (Hille, 1984). Following the sggestion of Franciolini
and Nonner (1987) made for the movement of monovalent
cations in the neuronal U- channel we suggest that Ca2+
may be able to flow through this pore as in a single file along

K Gluconate

K-r:- S%

KCI

Choline Cl
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FIGURE 13 Plug model of a--dependent SR Ca release. A none-
Ixirea- chnel is lbdedtoamediatena-depedentCa2 release.a-
and Ca2' moe through the chane as a salt pair. C-indoced SR Ca?+
releasc is explined by the a q of the xwlecive channel when a
relatively t anion e-) is replaced by Cl-.

with Cl- and other small caions. When C- is replaced by
gluconate- or by anothr anion with a low permeability, the
pathway may not be available for Ca2+ effiux by virtue of
being effectively blocked or plugged most of the ime by the
slow passge trgh the pore of the anion used to replace
Cl-. The possibility that Cl- may also play a sucral role
in stabilizing the open state cannot be discarded at this point
The latter may be signifiat when it is considered that U-
could not be replaced by other halides (Fig. 4) which, like
Ul-, are also small in size. In the context of this model,
U-dependent Ca2+ release is brought about by the removal
frm the SR of a less permeable anion and its replacement
by al- lowing the nonselective cha l to conduct Ca2+
and U- at a high rate.
The same plug model applied to Ca2+ flow through the

ryanodine receptor can explain the fact that stimulation of
Ca2+ release by caffeine and ATP was more pronunced in
SR equilibrated in K-gluconate than in KU and was almost
absent in SR equiliated in choline-U (Fable 1). The ry-
anodine receptor channel is ideally selective for cations over
anions but the pore displays little discrimination between
small monovalent cations of the alkali series and group HA
divalent cation (Smith et al., 1988). However, large ornic
cations of the teraalkylammonium series display a low per-
meability and have been shown to reduce K+ and divalent
cation flow (Tmker et aL, 1992). Choline+ and Tris+ also
belong to this group, inasmuch as the conductance of cho-
line+ and Tris+ through the ryanodine or is o20 times
lower than the K+ conductance and -7 times lower than the
Ca2` conductance (Smith et aL, 1988). Thus, when SR is
equihbrated in choline-Cl, the ryanodine receptor pathway
would operate at a turnover rate slower than that of the Cl--
dependent pathway because the ryanodine receptor would be
pluged most ofthe time by choline+ (Fig. 13). It is important
to indcae tt even if the ryanodine receptor conducts Ca2'
at a reduced rate in the presence ofan organic cation, the total
flux could still display the ligand dependence attnrbutable to
a ryanodine receptor mediated release if the block of the U-
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channel was more efficient than the block of the ryanodine
receptor. The latter would appear to be the case in SR equili-
brated in Tris-gluconate (Fig. 5).

In SR equilibrated in KCI the plug model predicts that
Ca2+ release is funneled through both pathways. The relative
contnrbutions of each pathway to the total release would de-
pend on the choice of reference solution (with or without
Cl-) and the level of stimulation of ryanodine receptors in
that solution. Because the Cl-dependent pathway is open all
the time, the stimulation of Ca2" release by caffeine and
ATP relative to that produced by the reference solution is
lower in SR equilibrated in KCI than in SR equilibrated in
K-gluconate.

Implicatons for excitaton-contration coupling

The stimulation of the 45Ca2" efflux rate by CF- was sur-
prisingly large and suggested that the Cl--dependent path-
way, in the absence of ryanodine receptor stimulation, domi-
nates the SR Ca2+ permeability. According to Table 1, 45Ca2'
release in reference solution at 50 ms reached between 30 and
40 nmol/mg in the presence of Cl- but was only 5-10
nmol/mg in the absence of CF-. Release in K-gluconate
reached 30-50 nmol/mg, and thus became comparable in
magnitude to release rates in Cl- only when ryanodine re-
ceptors were fully activated by ATP or caffeine. The relative
contnrbution of the Cl-dependent pathway can also be de-
termined based on the effect of procaine, a drug that selec-
tively blocks the ryanodine receptor and does not have any
effect on the nonselective Cl- channel. It would appear that
the Cl-dependent Ca2' release is about two times larger than
that mediated by ryanodine receptors because, according to
Fig. 8, procaine blocks about one-third of the flux measured
in SR equilibrated in KCI. Also, it is important to mention
that the Cl--dependent release, unlike the ryanodine
receptor-mediated release, was independent of the free Ca2>
of the reference solution in the range of pCa 9 to 6 (not
shown). The latter observation and the larger contribution of
the Cl--dependent component to the total flux makes it likely
that the CF- dependent pathway dominates the SR Ca2 per-
meability in the resting muscle cell.
A possible function of the C--dependent pathway could

be to provide a pathway for charge compensation during
Ca(2+ release and therefore serve as a mechanism to enhance
the SR Ca" release rate. However, there are several obser-
vations suggesting that the release induced by Cl- does not
serve this purpose. First, Ca2> release in the absence of Cl-
was not stimulated by K+-valinomycin and therefore it did
not appear likely that charge compensation was in fact a
rate-limiting step for Ca>+ release in Cl--free SR. Second,
external Cl- stimulated release much more than internal Cl-.
The opposite was expected to be the case if Cl- stimulated
release by a mechanism involving charge compensation. Fi-
nally, it has been argued that the Ca2` release channel itself,
because it has a large and nonselective cationic conductance
and because it has a reversal potential close toOmV in physi-
ological solutions, may serve as its own pathway for charge

compensation (Smith et al., 1988). Although the role of non-
selective Cl- channel in the Ca2+ homeostasis of the muscle
cell is unclear at this point, the fact that the channel is always
open is significant, as this condition will likely affect the
Ca2+ loading capacity of the SR and the rate of recycling of
Ca2+ across the SR membrane.
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