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A variety of reagents (local anesthetics, phenothia- 
zines,  ruthenium  red,  ryanodine,  dicyclohexylcarbo- 
diimide, R 24571) inhibit  Ca2+-induced Ca2+ release 
from  purified canine cardiac  sarcoplasmic  reticulum 
(SR). Most of these  compounds also increase  the  rate 
of  net  Ca2+  uptake  by  cardiac SR while moderately 
inhibiting  Ca2+-dependent ATP hydrolysis, and  to- 
gether  these two effects produce  increased  coupling 
ratios for ATP-dependent  Ca2+  transport  (Ca2+/ATP E 
2) compared  to  controls  (Ca2+/ATP E 1). We conclude 
that  Ca2+ efflux normally  occurs  during  net  Ca2+  up- 
take by  isolated  cardiac SR vesicles and  that this phe- 
nomenon is responsible  for the low coupling ratios 
generally observed  for  cardiac SR preparations. 

Blockers of  sarcolemmal  Ca2+  channels (nitrendi- 
pine,  diltiazem,  methoxyverapamil,  dantrolene), at 
concentrations much greater than  those effective for 
sarcolemmal  Ca2+ fluxes, do  not affect either Ca2+  up- 
take or  Ca2+ release by cardiac SR. Furthermore,  the 
effects of  local anesthetics and phenothiazines on Ca2+ 
release from  cardiac SR are different from  those  pre- 
viously  reported  for skeletal muscle SR. These results 
indicate  that  the  Ca2+ release “channels” in cardiac SR 
are distinct from  Ca2+  channels  present in cardiac sar- 
colemma  or in skeletal muscle SR. 

The  common  hydrophobic  nature  but  structural  dis- 
similarity of  various  inhibitors  of Ca2+ release from 
cardiac SR suggest that in some cases a hydrophobic 
interaction with the membrane  might  be involved in 
blocking  Ca2+ efflux. On the  other  hand,  half-maximal 
inhibition by 80 n M  ruthenium  red is suggestive of a 
specific ionic  interaction with some  component  of  the 
Ca2+ efflux pathway. 

~ _ _  

Contraction  and  relaxation of muscle fibers are regulated 
by the myoplasmic  Ca2+ level. Contraction  is triggered by the 
release of Ca2+ from an  intracellular  membrane  system,  the 
SR.’ Relaxation occurs  when the Ca2+ is  reaccumulated  within 
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the  lumen of the  SR. Ca2+ uptake  is  mediated by a membrane- 
bound Ca2+ pump  protein  and  much  is known about  this 
process (2-5). It is generally  accepted that 2 mol of Ca2+ are 
transported  inside  the SR for  each mole of ATP hydrolyzed 
by the  pump  protein, even though  Ca2+/ATP  ratios of less 
than 1 are  frequently  measured for cardiac  SR  preparations 
(6-10). The  mechanism of Ca2+  release  from SR is less well 
understood (11, 12). 

In  the  companion  paper (13), we described  a  Ca2+-induced 
Ca2+  release  from  purified cardiac SR vesicles. This Ca2+ 
release is triggered by submicromolar concentrations of extra- 
vesicular  Ca2+ and  inhibited by higher  Ca2+ concentrations 
and  is  thus  similar  to  the Ca2+-induced  Ca2+  release  which 
has been  described for  skinned  cardiac  fibers (14, 15). We 
concluded that  this release is  not  mediated  through  the Ca2+ 
pump  protein,  but proceeds through a Ca2+-responsive efflux 
pathway  or  “channel(s).”  In  this  report, we describe the 
inhibition of this  Ca2+-induced Ca2+  release by a  variety of 
chemical  compounds.  Moreover, the cardiac SR Ca2+ pumping 
efficiency (Ca2+/ATP)  is increased from  about 1 to approxi- 
mately 2 in  the presence of many of these compounds. 

EXPERIMENTAL  PROCEDURES 

Materials-Cardiac SR was isolated from canine ventricles as 
previously described (16) and stored in liquid N2. Norit A (decoloriz- 
ing carbon) was from Fisher. Ruthenium red, procaine-HCI, trifluo- 
perazine, and chlorpromazine were obtained from Sigma. [y3’P]ATP 
was purchased from ICN Pharmaceuticals, Inc. (Irvine, CA). Other 
drugs were obtained from the following  sources: SKF 525-A, Smith 
Kline and French Laboratories (Philadelphia, PA); ryanodine, S.P. 
Penick Corp. (Lyndhurst, NJ); R 24571, Janssen Pharmaceutica 
(Beerse, Belgium); DCCD, Eastman; D600, Knoll Pharmaceutical 
(Whippany, NJ); diltiazem, Marion Laboratories (Kansas City, MO); 
nitrendipine, Miles Laboratories (West Haven, CT); dantrolene, Nor- 
wich-Eaton Pharmaceuticals (Norwich, NY). The structures of the 
drugs used in this study  are presented in Fig. 1. All other reagents 
were as described in the preceding report (13). 

Trifluoperazine, DCCD,  D600, dantrolene, and nitrendipine stock 
sclutions were prepared in ethanol such that  the final ethanol con- 
centration in the assay medium  was 1% or less. R 24571  was  dissolved 
in MezSO such that  the MezSO concentration in the assay was  0.5% 
or less. These levels of ethanol and  Me2S0 have no effect on either 
Ca2+ uptake or Ca2+ release.  DCCD and dantrolene solutions were 
used within 5 h of preparation. SKF 525-A, ruthenium red, procaine, 
chlorpromazine, ryanodine, and diltiazem stock solutions were pre- 
pared in H20. Trifluoperazine, chlorpromazine, and nitrendipine were 
protected from light. 

Assays-Enzymic assays were as previously described (13). Net 
Ca2+ uptake  and release (in the presence of 1 mM ATP, 75 mM Pi, 
and  an ATP-regenerating system) were  observed at 37 “C by dual 
wavelength spectrophotometry using the metallochromic indicator 
antipyrylazo 111. Ca2+ loading by control and  SKF 525-A-treated 
samples were also assayed by using %a and a Millipore filtration 
technique. CaZ+ efflux from passively loaded SR vesicles (in  the 
absence of ATP  and Pi) was measured at  25 “C. Briefly, SR vesicles 
were loaded with &CaC12  by incubation for 18 h at 0 “C. Efflux was 
initiated by a 91-fold dilution into warm  medium containing 1 PM 
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FIG. 1. Structures of compounds 
used in this study. Compounds in the 
first two columns inhibit Ca2+-induced 
Ca2+ release from isolated cardiac SR 
vesicles. The sarcolemmal Ca2+ channel 
blockers in the third column have no 
effect (at  the concentrations  tested) 
upon this process. 
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ionized Ca2+ and  the drug to be tested. At  intervals, samples were 
removed and filtered. The first order rate constant of the rapid Ca2+ 
efflux (first 35 s) was determined by linear regression analysis of a 
semilog plot of  '5Ca counts/min  trapped on the filters uersu.s time. 

ATPase values at 37 "C  were determined spectrophotometrically 
or by measuring production of 32Pi in assays containing [T-~'P]ATP 
(2000 cpm/nmol). For this procedure, 100-p1 aliquots were withdrawn 
from the  standard uptakelrelease assay medium (13) at 9-s intervals 
and rapidly mixed with 500 p1 of ice-cold 0.1 M HaPo, containing 25 
mg  of Norit A/ml to adsorb nucleotides. After centrifugation at 1800 
X g for 10  rnin at 4 'C, radioactivity remaining in the supernatants 
was determined by scintillation counting and  the rate of 32Pi produc- 
tion was determined by linear regression analysis. All ATPase deter- 
minations in the presence of trifluoperazine, chlorpromazine, and R 
24571  were done isotopically. ATPase values for the control and in 
the presence of SKF 525-A  were determined by both the spectropho- 
tometric and isotopic procedures. "Basal" values determined in  4 mM 
EGTA (0.11-0.13  pmol of ATP/mg of protein/min for control sam- 
ples; less in the presence of some drugs) were subtracted from total 
values to yield Ca2+-dependent ATPase. "Leaky  vesicle ATPase" was 
determined in the presence of  0.07  mg  of Triton X-lOO/ml. Basal 
ATPase is reduced and Ca2+-dependent ATP hydrolysis is approxi- 
matdy doubled in the presence of the detergent. This assay is a more 
accurate reflection of enzyme turnover, unencumbered by a  tight Ca2+ 
permeability barrier. 

To estimate endogenous calmodulin levels, cardiac SR (300  pl)  was 
heated at 90 "C for 25 min and  then sedimented at 1800 X g for 15 
min. The  supernatant was withdrawn and added to  an erythrocyte 
Ca'+-dependent ATPase assay (17).  Stimulation of activity by cardiac 
SR extracts was compared with that obtained by various concentra- 
tions of authentic calmodulin purified from bovine brain (18). 

RESULTS 

Isolated vesicles of canine  cardiac SR exhibit Ca2+-induced 
Ca2+  release (13). A typical  assay  is  illustrated  in Fig. 2 A ,  
where the SR was preloaded with  three  additions of  CaC12. 
Following a fourth  addition of  CaC12 to  the  control  sample 
(trace I), net  Ca2+  uptake ceases and  net Ca2+  release begins. 
The rate and  extent of Ca2+  release depend  on  the  extrave- 
sicular ionized  Ca2+ concentration  after  the SR vesicles ac- 
cumulate Ca" to a  trigger capacity (13). Maximum  Ca2+ 
release  occurs at  1-2 ~ L M  extravesicular Ca2+. After 2-3 min 
of Ca2+  release, Ca2+  reuptake by the SR occurs. 

When  the local anesthetic  SKF 525-A is  present  throughout 
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FIG. 2. Inhibition of Ca2+-induced Ca2+ release. Net Ca2+ 
uptake and release were determined spectrophotometrically, the  ab- 
sorbance being proportional to  the extravesicular ionized  Ca2+ con- 
centration. Thus, net Ca" uptake by the SR is accompanied by a 
decrease in absorbance and  net Ca2+ release is reflected by an increase 
in absorbance. A, at  the small  arrow, SR (40 pg  of protein) was added 
to  the medium and allowed to accumulate contaminating Ca2+ (ap- 
proximately 4 nmol) prior to four additions of 43 nmol of CaCl, 
(arrowheads) in a  total volume of 1 ml. In the control trace I (solid 
line), net Ca2+ uptake ceased before all the Ca'+  was accumulated by 
the SR and a period of net Ca2+ release ensued. After 2-3 min of 
release, a slow Ca2+ reuptake by the SR occurred. In trace 2 (dashed 
line), 120 p~ SKF 525-A  was added when Ca2+ release was beginning 
(large  arrow). Later,  another 43 nmol of  CaC1, (arrowhead) was added 
to recalibrate the dye in the presence of the drug. In trace 3 (dotted 
line), 120 p~ SKF 525-A  was already present in the medium at  the 
time of SR addition. The same experimental protocol was  used for B 
and C below with different SR preparations and different drugs. B, 
following three additions of  45 nmol of  CaC12 to 41 pg  of SR, the 
control sample (solid  line) exhibited Ca2+ release/reuptake. When 400 
p~ ryanodine was added at  the  start of release (arrow), Ca2+ release 
was inhibited (dashed  line) and  the SR could accumulate the 45  nmol 
of  CaC12 added to recalibrate the dye. C, following three additions of 
40 nmol of  CaC12 to 38 pg  of SR, the control sample (solid  line) 
exhibited Ca2+ releaselreuptake. When 180 p~ DCCD  was added at  
the  start of release (arrow), CaZ+ release was inhibited (dashed  line), 
but some 5-10 min later, the SR could not accumulate the 40 nmol 
of  CaC12 added to recalibrate the dye. 
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the  Ca2+  preloading of the  SR,  the  fourth  addition of  CaC12 
does not elicit Ca2+ release (Fig. 2 A ,  truce 3) .  Moreover, the 
rate of Ca2+ loading in  the presence of the  anesthetic is 
increased  almost 2-fold relative to  the control. The  addition 
of SKF 525-A to  the  SR  just  as Ca2+  release  begins stops  the 
release immediately and  rapid Ca2+ uptake  ensues (Fig. 2 A ,  
truce 2) .  In  the  presence of the  anesthetic,  the  SR  accumulates 
additional Ca2+ without  net  Ca2+ release. 

A wide variety of chemical compounds including ruthenium 
red, trifluoperazine, chlorpromazine, ryanodine, procaine,  R 
24571 (a calmodulin antagonist, see Ref. 19),  and DCCD exert 
similar  influences  on Ca2+ uptake  and release  by cardiac  SR 
(see Fig. 1 for structures).  Each of these compounds,  with the 
exception of ryanodine, is immediately  effective in blocking 
Ca2+-induced  Ca2+  release  from cardiac  SR, as shown  for SKF 
525-A in Fig. 2A (truce 2).  When  ryanodine  is  added at the 
onset of Ca2+  release, net release  proceeds at a slower rate for 
approximately 40 s before maximum  inhibition of release and 
rapid  Ca2+  uptake occurs (Fig. 2B). Even DCCD, at  a concen- 
tration which  significantly inhibits  the  turnover of the  Ca2+- 
dependent  ATPase  (Table  I), produces immediate Ca2+ uptake 
when added  during Ca2+  release (Fig. 2C). In  contrast  to 
compounds less inhibitory for the  ATPase (Fig. 2, A and  B), 
after 5-10 min  in  the  presence of DCCD, the SR accumulates 
additional  Ca2+ very slowly (Fig. 2C). 

As shown for  SKF 525-A in Fig. 2A (truce 3),  most of these 
compounds  stimulate  the  rate of net  Ca2+  uptake when they 
are  present  prior  to  Ca2+ loading of the  SR.  The effect on 
Ca2+  loading  does not  appear  to be dependent  on  the  extra- 
vesicular  Ca2+ concentration  since  linear  rates of uptake  are 
observed  over  a range of external  Ca2+  both  in  the presence 
and  absence of inhibitors (e.g. see Fig. 2 A ) .  Enhanced Ca2+ 
loading  occurs  even though  Ca2+-dependent  ATP hydrolysis 

is reduced (Table  I).  The  net  result is an  increase  in  the 
coupling ratios  (Ca2+/ATP) for ATP-dependent Ca2+ trans- 
port. For SKF 525-A, these  findings were confirmed by mea- 
suring  Ca2+ loading and  ATP hydrolysis  by spectrophoto- 
metric  and isotopic methods (see “Experimental  Proce- 
dures”). Some compounds which  significantly inhibit  the 
turnover of the  Ca2+-dependent  ATPase enzyme such  as R 
24571 and DCCD (Table  I) fail to  increase  the  rate of Ca2+ 
loading. But, only  DCCD, the  most effective inhibitor of Ca2+- 
dependent  ATPase  (at  the  concentrations used in  this  study), 
fails to  increase  the Ca2+ pumping efficiency. The  other com- 
pounds listed  in Table I are more  effective inhibitors of Ca2+ 
efflux than  they  are of Ca2+ pump  turnover  and  therefore 
increase Ca2+/ATP  ratios by blocking Ca2+ efflux which nor- 
mally occurs  during  net Ca2+ uptake.  In  the  presence of most 
Ca2+  efflux inhibitors,  the  Ca2+/ATP  ratios  are increased  from 
approximately 1 to  about 2. 

Representative of four  classes of sarcolemmal Ca2+  channel 
blockers were also tested. None of these compounds (2 p~ 
nitrendipine,  10 p~ diltiazem, 20 p~ dantrolene,  or 75 p~ 
D600, see Fig. 1 for structures)  has  any effect on Ca2+ uptake 
or release by cardiac SR vesicles. In  the presence of these 
compounds,  Ca2+ uptake  parallels  control  samples  and  the 
rate  and  extent of Ca2+-induced  Ca2+ release are likewise 
indistinguishable from control samples (data  not  shown). 

Compounds which inhibit Ca2+  release from actively loaded 
SR also inhibit  Ca2+ efflux from passively loaded SR vesicles 
(Table 11). The  rate  constants for efflux in  the presence of 
SKF 525-A, ruthenium red, trifluoperazine, and DCCD are 
similar  to  that previously observed  for Ca2+-independent Ca2+ 
efflux  (13). It  appears  that  the  same  concentrations of these 
compounds  which are maximally effective in  inhibiting Ca2+- 
induced  Ca2+  release from actively loaded SR (see legend to 

TABLE I 
Effects  of inhibitors of ea2+ release on Ca2+ loading and Ca2+-deDendent  ATPase 

Addition“ 

None 

Trifluoperazine, 40 pM 
Ruthenium red, 12 p~ 
Chlorpromazine, 160 pM 
Procaine, 8 mM 
R 24571,  20 pM 

SKF 525-A, 120 p M  

Ca2+ loading6 

pmol  Ca2+/mg 
proteinfmin 

0.96 
2.02 (9) 
1.84 (7) 
1.65 (8) 
1.35 (5) 
1.12 (6) 
0.99 (7) 

Ca2’-ATPase‘ 

pmol A TPfmg 
proteinfmin 

1.16 
0.94 (5) 
0.87 (2) 
0.82 (3) 
0.63 (2) 
0.98 (3) 
0.70 (1) 

CaZ’fATP 

0.8 
2.1 
2.1 
2.0 
2.1 
1.1 
1.4 

Ca2+-ATPase”d 
“Leaky vesicle 

proternfmrn 
mqllw, 

1.84 
1.53 (3) 
1.31 (2) 
1.71 (2) 
1.00 (1) 
1.68 (2) 
1.21 (1) 

% 

100 
83.2 
71.2 
92.9 
54.3 
91.3 
65.8 

None 1.01  0.90 1.1 2.10 100 
1.33 (5) Ryanodine, 400 p~ 0.70 (2) 1.9 1.90 (1) 90.5 
0.63 (3) DCCD, 180 pM 0.57 (1) 1.1 0.72 (1) 34.3 

Drug concentrations  are the minimum which are maximally effective both in inhibiting net CaZ+ release when 
added at  the onset of release and in enhancing Ca2+ uptake when present before addition of CaClz (see Fig. 2). 
Similar drug effects were observed with six SR preparations. Since the control Ca2+ loading (0.92-1.35 pmol/mg/ 
min), Ca2+-ATPase (0.90-1.18 pmol/mg/min), and Ca2+/ATP (0.8-1.2) varied among the preparations, data are 
presented only from typical experiments using two different SR preparations. 

Caz+ loading was determined in the same medium as was Ca’+-dependent ATPase so that accurate coupling 
ratios could be calculated. When the spectrophotometric ATPase assay was  used (see “Experimental Procedures”), 
the modified uptake medium containing the alternate ATP regenerating system described in the preceding report 
(13) was employed for both loading and ATPase determinations. The numbers in parentheses indicate the number 
of experiments  in which a similar effect on Ca2+ loading by various SR  preparations was consistently observed. 

Ca2+-dependent ATPase values were determined either spectrophotometrically or isotopically as described 
under  “Experimental Procedures.” The numbers in parentheses indicate the number of paired loading/ATPase 
experiments in which similar effects on Ca2+-ATPase and Caz+/ATP values for various SR preparations were 
consistently observed. 

Leaky  vesicle Ca2+-ATPase was determined as described under “Experimental Procedures” to determine the 
effects of the drugs on enzyme turnover. Under the conditions of this assay, the “basal” ATPase is typically less 
than 1% of the Ca2+-dependent ATPase, so a  separate basal ATPase determination was not performed. The 
numbers in parentheses indicate the number of experiments in which similar effects on the leaky  vesicle Ca2+- 
ATPase activity of various SR preparations were observed. 
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TABLE I1 

Effects of drugs on Ca2+ efflux from passively  loaded cardiac SR 
vesicles 

Caz+ efflux at 1 pM extravesicular ionized Ca2+ from passively 
loaded vesicles was determined as described under "Experimental 
Procedures." This Ca" concentration is optimal for Ca2+-induced 
Ca2+ efflux from passively loaded SR (13). Addition of drugs was 
coincident with dilution of the  SR  to initiate efflux. The  data are the 
first order rate  constants for the rapid initial phase of Ca2+ efflux 
(first 35 s ) .  Values are for a single experiment except for the control 
and ryanodine data which are the mean f S.D.  from two experiments. 

Addition" kb 
min-I 

None 
DCCD,  180 pM 

1.30 f 0.00 
0.34 

Ruthenium red, 12 p~ 0.35 

Trifluoperazine, 40 p~ 0.41 
Ryanodine, 400 p~ 0.14 f 0.01 
Diltiazem, 10 pM 1.31 
Calmodulin, 1 pM 1.21 

SKF 525-A, 120 pM 0.36 

"Drug concentrations  are the minimum which are maximally 
effective in inhibiting Ca2+ release from actively loaded SR vesicles. 

* The first order rate constant for the rapid initial phase of Ca2+ 
efflux for a control sample at 1 nM extravesicular ionized Ca2+ (i.e. 
Caz+-independent efflux) was 0.35 (13). 

TABLE I11 
Potency of inhibitors of Ca2+ release 

Compounds which inhibit Ca2+-induced Ca2+ release from cardiac 
SR were tested for their potency in  enhancing the rate of Ca2+ loading. 
Various concentrations of each drug were added to  the  standard 
uptake/release medium (13) prior to addition of SR (40 pg  of protein). 
Ca2+ uptake in a final volume of 1 ml was initiated by addition of 
CaC12. The loading rate (micromoles of Ca2+/mg of protein/min) of 
control samples without drugs was subtracted from loading rates  in 
the presence of drugs to determine the level of loading stimulation. 
For each drug, 5-10 different concentrations were evaluated in each 
of two separate experiments and a composite curve was constructed 
to relate loading stimulation to drug concentration. Values presented 
are the drug concentrations which  gave half-maximal stimulation 
under the assay conditions. 

Drug IC, 
F M  

Ruthenium red 0.08 
Trifluoperazine 28 
Chlorpromazine 53 

Ryanodine 130 
Procaine 2100 

SKF 525-A  65 

Table I) can completely block the Ca2+-dependent component 
of  Ca" efflux from passively loaded vesicles. On the  other 
hand, the optimum concentration of ryanodine does not re- 
duce Ca2+ efflux from passively loaded SR to  the same extent 
as do the  other compounds. Since the determination of the 
rate  constant for efflux from passively loaded SR includes 
data only from the first 35 s of efflux, this result is consistent 
with the observation that  the maximum effect of ryanodine 
after  ATP-dependent Ca2+ loading is not observed until  about 
40 s after  addition of the drug (Fig. 2B). Also consistent with 
results from actively loaded SR, a sarcolemmal Ca2+ channel 
blocker such as diltiazem has no effect on Ca2+ efflux from 
passively loaded SR (Table 11). 

The  data presented thus far have been for drugs at  their 
maximum effective concentrations, but these  concentrations 
do not indicate the relative potency of the Ca2+ release inhib- 
itors. The concentrations which produce 50% stimulation of 
Ca2+ loading are given in  Table 111. We assume that enhanced 
Ca2+ loading in the presence of the drugs reflects their efficacy 

in blocking unidirectional Ca2+ efflux  which otherwise occurs 
during net Ca2+ uptake. A similar explanation was previously 
suggested regarding the effects of ryanodine and ruthenium 
red on Ca2+ uptake by canine cardiac SR (20, 21). The  data 
are presented in terms of  ICso rather  than  as inhibition 
constants since most of the compounds tested  are hydrophobic 
and bind to membranes and glass. It is therefore difficult to 
determine the actual drug concentration in solution (e.g. see 
discussions in Refs. 22 and 23 regarding trifluoperazine), so 
that  the effectiveness of a drug can depend upon assay con- 
ditions, especially membrane concentration (e.g. see Refs.  24 
and 25 regarding trifluoperazine). Under the conditions of our 
assay, ruthenium red (IC5o = 80 nM) is the most potent 
inhibitor of Ca2+ efflux and procaine is the least  potent. 

Since several of the compounds-trifluoperazine (26-28), 
chlorpromazine (26-28), R 24571 (19), and  SKF 525-A (29)- 
which inhibit Ca" release from cardiac SR are calmodulin 
antagonists, we investigated whether calmodulin might be 
involved in  Caz+ efflux. The endogenous calmodulin level in 
the SR was estimated to be  7.3 pmol/mg of protein, or about 
0.3 nM in the  standard uptake/release assay containing 40 pg 
of protein/ml. If these drugs were to inhibit Ca2+ release by 
interacting with endogenous calmodulin on the SR vesicles, 
addition of exogenous calmodulin might be expected to pro- 
mote Ca2+ release and/or prevent the inhibition of release by 
the drugs. However, Ca2+ efflux from passively  loaded SR 
vesicles is not  stimulated by 1 pM exogenous calmodulin 
(Table 11) and addition of  1.5 p~ exogenous calmodulin at 
the onset of Ca2+-induced Ca2+ release from actively loaded 
SR  (at 3 PM extravesicular ionized Ca2+) has no effect on the 
rate or extent of release (data not  shown), although reuptake 
of the released Ca2+ is faster  in the presence of exogenous 
calmodulin, presumably due to enhanced Ca2+ transport ac- 
tivity following calmodulin-dependent phosphorylation of the 
cardiac SR (4, 16,30,31). Moreover, when 4.5 p~ calmodulin 
(15,000 times the endogenous level) is added at  the onset of 
Ca2+ release, the subsequent addition of  40 ~ L M  trifluoperazine 
is still maximally effective in immediately inhibiting Ca2+ 
release and producing rapid Ca2+ accumulation. Thus, we were 
unable to directly demonstrate an involvement of calmodulin 
in Ca2+ efflux. 

DISCUSSION 

We find that compounds of diverse structure-the local 
anesthetics SKF 525-A and procaine, the phenothiazines tri- 
fluoperazine and chlorpromazine, ruthenium red, ryanodine, 
DCCD, and  the calmodulin antagonist  R 24571-inhibit Ca2+ 
efflux from purified cardiac SR vesicles. With the exception 
of ryanodine which requires approximately 40 s for maximum 
effectiveness, these compounds immediately block both  net 
Ca2+-induced Ca2+ release from actively loaded SR and  the 
Ca2+-dependent component of Ca2+ efflux from passively 
loaded SR. This report is the first  demonstration that local 
anesthetics, phenothiazines, DCCD, and R 24571 can block 
Ca2+ efflux from cardiac SR. Also, even though ryanodine and 
ruthenium red have previously been indirectly implicated in 
the inhibition of Ca2+ release from cardiac SR (20, 21,  671, 
this report provides direct evidence of the effects of these 
drugs on Ca2+ efflux from cardiac SR. 

The use of Ca2+ efflux inhibitors enables us to make several 
conclusions regarding Ca2+ pumping into cardiac SR. Al- 
though it is generally accepted that 2 mol  of Ca2+ are trans- 
ported inside the SR for each mole  of ATP hydrolyzed by the 
ca2+ pump  protein (2), Ca2+/ATP  ratios of less than 1 are 
frequently measured for cardiac SR (6-10). Ca2+ efflux inhib- 
itors increase the  rate of Ca2+ loading by cardiac SR while 
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having a moderate  inhibitory  effect  upon  Ca2+-dependent 
ATP hydrolysis. These  two  effects  together produce increased 
coupling ratios  for  ATP-dependent Ca2+ transport. Of the 
inhibitors described in  this  report, only  DCCD  (which is also 
the  most  potent  inhibitor of Ca2+-dependent  ATPase at the 
concentrations  tested) fails to  increase  Ca2+/ATP. S‘ mce mea- 
surements of net Ca2+ uptake reflect the differences  between 
unidirectional Ca2+  influx and efflux rates, we conclude that 
in  the  absence of inhibitors, considerable Ca2+ efflux occurs 
during  net Ca2+ uptake by most  preparations of cardiac  SR 
and  that  this  phenomenon  is responsible for  the low coupling 
ratios generally observed. Under  the  assay  conditions of this 
study,  Ca2+/ATP  ratios of approximately 2 can be achieved 
by  loading cardiac SR in  the  presence of SKF 525-A, trifluo- 
perazine,  ruthenium red, chlorpromazine,  or  ryanodine which 
block Ca2+ efflux so that  unidirectional Ca2+  influx is  deter- 
mined. In  the  case of SKF 525-A, for  example, measured Ca2+ 
loading rates  are  approximately doubled in  the presence of 
the  drug  compared  to  control even though  Ca2+-ATPase  turn- 
over is reduced. 

The  stimulation of Ca2+  loading cannot be  ascribed to 
artifacts of the  assay procedure. Similar  results were obtained 
for SKF 525-A when Ca2+  loading and  ATPase were deter- 
mined  either by spectrophotometric  methods  or by isotopic 
procedures (see  “Experimental  Procedures”). Moreover, sim- 
ilar  concentrations of SKF 525-A and  procaine (32) and 
trifluoperazine  and  chlorpromazine (91) were found  to  inhibit 
Ca2+  loading  by skeletal muscle SR when assayed by the  same 
procedure in  virtually  identical  uptake/release medium. The 
results  can, however, be influenced by the  assay medium. 
When  cardiac SR is assayed in a CaCl,/EGTA  buffered me- 
dium using high concentrations of MgATP  and  oxalate  as a 
precipitating  anion  (16), Ca2+  loading and  ATPase  rates for 
control  samples of the  same  SR  preparations  are  both  about 
2.5-fold faster  than  those  in  Table I. Under  these  conditions, 
addition of SKF 525-A increases  the loading rate only about 
20% and  Ca2+/ATP  increases  to only 1.5 (data  not shown). 
Differences in  SR  preparation  or  experimental protocol may 
explain why inhibition of Ca2+ loading  was  observed with R 
24571 in a  previous report  (33), whereas in  this  study  no 
inhibition was  observed (Table  I). 

Since Ca2+  loading is stimulated by the  same  compounds 
which inhibit  Ca2+-dependent Ca2+ efflux from  both actively 
and passively  loaded SR, we conclude that  the Ca2+ efflux 
which occurs  during  net Ca2+ uptake proceeds through  the 
same  or  similar  channels  as does the Ca2+-triggered  Ca2+ 
efflux. Conceivably,  some channels  might lose their Ca2+ 
gating  property  during SR vesicle isolation, by a conforma- 
tional  rearrangement of the  channel itself or  through loss of 
a  regulatory  factor. Different degrees of damage during  differ- 
ent  isolation procedures could leave  more or fewer channels 
“open.” This  variation would be  additive to  that  resulting 
from  different  proportions of the SR subpopulation possessing 
the  presumptive  channels (9, 21).  Variability in  the  number 
of open Ca2+ channels could explain some of the diversity in 
Ca2+ loading specific activity  and  in coupling ratios observed 
for  preparations of similar  Ca2+  pump  protein  content  and 
apparent  purity. 

Although several of the  Ca2+ efflux inhibitors-trifluoper- 
azine, chlorpromazine, R 24571, and  SKF 525-A-can act  as 
calmodulin antagonists (19, 26-29), we cannot conclude from 
our  data  that Ca2+ efflux from  cardiac  SR involves calmodulin. 
Exogenous  calmodulin, a t  several thousand-fold excess over 
the endogenous level, has  no effect on Ca2+-induced  Ca2+ 
release or  on  the  inhibition of Ca2+  release by trifluoperazine. 
Moreover, inhibition of calmodulin-independent activities by 
calmodulin antagonists  is well documented (33-41). 

I t  is conceivable that  the calmodulin antagonists might 
interact  with a “calmodulin-like” protein  tightly associated 
with  the Ca2+  efflux channel.  Since  the  channel  gating  is 
sensitive to Ca”, some portion of the  channel could be a Ca2+- 
binding  protein.  For example,  calmodulin antagonists 
apparently  bind  to receptor sites for  sarcolemmal  Ca2+ chan- 
nel  blockers (42, 43) and  certain sarcolemmal  Ca2+ channel 
blockers bind calmodulin (43-45), leading to  the speculation 
that a calmodulin-like site  is  present  on sarcolemmal  Ca2+ 
channels (42, 43,46). A similar  site  might  exist  on  cardiac SR 
Ca2+ channels. 

On  the  other  hand,  inhibition of Ca2+ efflux by calmodulin 
antagonists,  and  other compounds as well, could involve their 
previously  documented  hydrophobicity and  interactions  with 
phospholipids (36, 37, 41, 47-55). The  importance of hydro- 
phobicity in otherwise similar  reagents  can be visualized by 
comparing  the  structure of the  potent Ca2+ efflux inhibitor 
SKF 525-A with  that of the  much less potent  and less  hydro- 
phobic  procaine (Fig. 1). However, it  is doubtful that com- 
pounds  such  as  SKF 525-A affect  Ca2+  efflux by altering  the 
general  physical properties of the SR membrane  phospho- 
lipids, since a larger  effect on  Ca2+-dependent  ATPase would 
be  expected in  that case. Also, the biochemical  effects of 
phenothiazines have  been correlated  with  their  ability  to 
stabilize membranes (511, but  it  is doubtful that  this  property 
is responsible for  the  inhibition of Ca2+  efflux from  cardiac 
SR,  since  phenothiazines  do  not reduce  Ca2+  efflux from 
skeletal muscle SR  under  similar  conditions  (91). 

Regardless of the mechanism of action,  this  study of the 
inhibition of Ca2+ efflux from  isolated  cardiac SR vesicles 
provides new information regarding the similarities and dif- 
ferences among  the Ca2+ “channels”  present in  cardiac sar- 
colemma, cardiac  SR,  and  skeletal muscle SR membranes. 
For example, representatives of four  classes of sarcolemmal 
Ca2+ channel blockers  have no effect on Ca2+ efflux from 
cardiac  SR  at  concentrations  much higher than  those effective 
in  blocking  sarcolemmal  Ca2+ channels (56-59). These  data 
are  consistent with  previous  results, obtained with  different 
SR  preparations  and  assay conditions, indicating  that  similar 
concentrations of verapamil, D600, dantrolene,  and dihydro- 
pyridines  such as nitrendipine have no effect on  either Ca2+ 
loading or release  by  cardiac SR vesicles (60-65). Nitrendipine 
has been  shown to  bind very tightly (dissociation constant = 
0.2-0.4  nM) to  the  same  subpopulation of SR vesicles which 
is sensitive to  ryanodine  and  ruthenium red (21,66). However, 
concentrations of nitrendipine 10,000-fold greater  than  the 
dissociation constant do not affect Ca2+ release. The failure 
of sarcolemmal  Ca2+ channel blockers to affect  Ca2+ efflux 
from cardiac SR indicates  structural diversity for the sarco- 
lemmal and  SR Ca2+ channels. 

The  results of this  study show some similarities  to  those 
obtained with skeletal muscle SR.  For example, ruthenium 
red (68-741, DCCD (71, 751, and local anesthetics  such  as 
procaine  (11,72, 74-78) have been  found to also block a Ca2+- 
induced  Ca2+  release from “heavy” skeletal muscle SR vesicles. 
In  addition, local anesthetics  such  as procaine and  SKF 525- 
A block a spontaneous Ca2+  release from  skeletal muscle SR 
(32) and  procaine  and DCCD inhibit Ca2+  release  from  skel- 
etal muscle SR induced by others  means (79-81). Moreover, 
ruthenium red can  enhance  the  rate of Ca2+  loading by heavy 
skeletal muscle SR (68, 82) and increase the  Ca2+/ATP cou- 
pling ratio (82). In  these respects, these compounds  similarly 
affect cardiac  and  skeletal muscle SR. 

On the  other  hand,  many  drug effects are dissimilar  for the 
two  systems. For example, ryanodine  has been reported  to 
stimulate  Ca2+ efflux from heavy skeletal muscle SR (83). 
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Also, chlorpromazine and trifluoperazine stimulate net Ca2+ 
release from skeletal muscle SR (25, 80, 84, 91) and trifluo- 
perazine decreases the  Ca2+/ATP coupling ratio in skeletal 
muscle SR (24). The enhanced Ca2+ release in the presence 
of phenothiazines  appears to be due to inhibition of the Ca2+ 
pump since the drugs do  not affect unidirectional Ca2+ efflux 
from either actively or passively loaded skeletal muscle SR2 
(78,85). Finally, even though local anesthetics block sponta- 
neous Ca2+ release from skeletal muscle SR, they  do so in a 
time-dependent manner (32), whereas the inhibition of Ca2+ 
efflux from cardiac SR by these compounds is immediate. 

Our data  thus indicate diversity in the Ca2+ channels in 
cardiac SR, cardiac sarcolemma, and skeletal muscle SR 
membranes. The diversity may  be in the  structural compo- 
nents of the channels themselves or in some regulatory factors 
which control the  channel gating. In this regard, it should be 
noted that multiple binding sites for Ca2+ channel inhibitors 
have been suggested for both sarcolemma (86-89) and skeletal 
muscle SR (90) membranes, and drug binding sites might be 
different from the actual Ca2+ efflux channels. As noted above, 
the more hydrophobic compounds might block Ca2+ efflux by 
interacting with phospholipids. Of the inhibitors of Ca2+ efflux 
from cardiac SR, ruthenium red is most likely to  interact 
directly with a Ca2+ efflux channel, since it is the most potent 
(ICso = 80 nM) and  the least hydrophobic (a hexavalent 
cation-see  Fig. 1). It is equally potent (IC5,, = 40-70 nM) in 
blocking Ca2+  efflux from the ryanodine-sensitive cardiac SR 
subpopulation (21) and from heavy skeletal muscle SR (71, 
74). These data suggest a specific, nonhydrophobic interaction 
with a  component common to Ca*+ efflux channels in both 
cardiac and skeletal muscle SR membranes. 
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