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Abstract-Verapamil, in addition to blocking calcium channels, exhibits such “non-specific” effects on 
myocardium as inhibition of sodium and potassium conductances and modifications of muscarinic 
receptor-ligand interactions. To characterize further the effects of verapamil on the cardiac muscarinic 
receptor, we examined the abilities of the enantiomers of verapamil to modify the binding of the 
muscarinic antagonist [3H]quinuclidinyl benzilate ([3H]QNB) to purified canine sarcolemmal vesicles. 
Membranes were incubated with [‘HIQNB and various concentrations of racemic, (+)-, or (-)- 
verapamil (25 or 37”, pH 7.4), and reactions were terminated by rapid filtration. (-)-Verapamil (Ki 
of 5.3 2 0.2pM) was twice as potent an inhibitor of equilibrium binding as (+)-verapamil (K, of 
11.4 f 0.6 PM), and this effect resulted from the ability of each enantiomer to slow [3H]QNB-receptor 
association. This degree of stereoselectivity, albeit at nanomolar concentrations, was similar to that 
observed for each enantiomer to compete for the specific phenylalkylamine site in this preparation. 
Verapamil also inhibited [‘H]QNB-receptor dissociation, but this effect required high concentrations 
and demonstrated stereoselectivity opposite to that observed for association. These findings support the 
view that verapamil interacts with two distinct sites, possibly within membrane lipid, each with a different 
affinity and preference for (+)- and (-)-verapamil, to modify the muscarinic receptor. 

Verapamil and other structurally related phenyl- 
alkylamine calcium channel blocking agents, in 
addition to inhibiting transmembrane calcium fluxes 
through the slow inward channel, exert a number of 
other effects on membrane function in vitro. Vera- 
pamil decreases sodium and potassium conductances 
in nerve and muscle [l-3], alters neurotransmitter 
reuptake in rat forebrain synaptosomes [4], and 
inhibits specific radioligand binding to muscarinic, 
alpha-adrenergic and opiate receptors in membrane 
preparations from a number of different tissues [5-91. 
These diverse and apparently unrelated effects of 
verapamil have led to the hypothesis that phenyl- 
alkylamines alter membrane function through non- 
specific interactions with membranes [6]. More 
recent reports, however, suggest that verapamil may 
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alter ligand binding in a more specific manner, poss- 
ibly by interacting with each receptor or sites closely 
related to the receptor [7,9]. If verapamil acts as a 
specific muscarinic receptor ligand, its interaction 
with the receptor should, like that of other specific 
ligands, demonstrate stereoselectivity [lo, 111. 

The phenylalkylamine receptor in heart and skel- 
etal muscle has been reported to demonstrate ster- 
eoselectivity for a number of ligands [12-141. A 
preliminary report demonstrated that racemic vera- 
pamil had a greater ability than the (+) enantiomer 
to inhibit muscarinic antagonist binding to crude 
rat myocardial membranes [15]; but inhibition of 
muscarinic antagonist binding to guinea-pig ileal or 
rat vas deferens smooth muscle by D-600 did not 
demonstrate stereoselectivity [16]. To assess the 
degree to which the interaction of verapamil with 
cardiac muscarinic receptors exhibits stereoselec- 
tivity, the abilities of verapamil enantiomers to mod- 
ify muscarinic antagonist binding to a purified canine 
sarcolemmal preparation were examined. 

MATERIALS AND METHODS 

Membrane preparation. Purified sarcolemmal ves- 
icles were prepared from canine ventricles according 
to the method of Jones et al. [17]. Detailed char- 
acterization of this preparation has been reported 
previously [ 181. Sarcolemmal vesicles were stored at 
-80” in 0.25 M sucrose, 20 mM HEPEStt (pH 7.8). 
Protein concentrations were determined as described 

295 1 



2952 R. i-I. GERRY~~UI. 

by Lowry et al. [I91 with bovine serum albumin as 
standard. 

Radioligand bindirzg studies. Equilibrium binding 
of tritiated quinuclidinyl benzilate ([sH]QNB) was 
examined following incubation of 1Opg of sarco- 
lemma1 vesicles with [3H]QNB (15-900pM) for 
90 min at 25” in 50 mM Tris-HCl (pH 7.4), 5 mM 
NaH2P04, 5 mM MgCl,, in the presence or absence 
or selected concentrations of racemic, (+)- or (-)- 
verapamil (0.1 to 2OOpM). Reactions were ter- 
minated by rapid vacuum filtration through What- 
man GF/B glass fiber filters mounted on a Brandel 
Cell Harvester (Gaithersburg, MD). The filters and 
membranes were washed three times with 5 ml of 
50 mM Tris-HCl (pH 7.4) and added to 4 ml of 
Biofluor; membrane-associated radioactivity was 
determined by liquid scintillation spectroscopy 
(Delta 300, Searle Analytic Inc., Des Plaines, IL). 
Specific [3H]QNB binding was defined as the dif- 
ference in bound ligand measured in reactions car- 
ried out in the presence and absence of 1 ,uM atropine 
sulfate. Non-specific binding was not influenced by 
vera 
all P 

amil and was less than 15% of total binding at 
[ H]QNB concentrations examined. Binding of 

[3H]-N-methylscopo1amine ([3H]NMS) (0.001 to 
40 nM) to sarcolemmal vesicles was determined using 
the same conditions as those described for QNB 
except that reactions were terminated after 60-min 
incubations. 

The time course of QNB binding to sarcolemmal 
vesicles (45 pM [3H]QNB) was determined by meas- 
uring specific QNB binding at selected times after 
initiation of a binding reaction. Conditions were as 
described above except that the temperature was 37” 
(see below). 

Dissociation rate constants were calculated from 
the time course of the decrease in specific [3H]QNB 
binding (45 pM [‘H]QNB) after addition of 1 FM 
atropine sulfate with or without racemic, f+)-, or 
(-)-verapamil (0.1 to 500 ,uM) to a binding reaction 
that had reached equilibrium. These experiments 
were performed at 37” to facilitate [3H]QNB dis- 
sociation. The half-maximum concentration (1~~~) of 
verapamil to inhibit equilibrium [3H]QNB binding 
to sarcolemmal vesicles was not different at 25” or 
37”. 

The stereoselectivity of the sarcolemmal phenyl- 
alkylamine binding site was determined by com- 
petition experiments in which 0.1 mg/ml sarco- 
lemma1 vesicles was incubated at 25” in 50 mM Tris- 
HCl (pH 7.4) with 1 nM [3H]-(-)-D-888 (83 Ci/ 
mmol) in the presence of 0.001 to 3 PM (+)- or (-)- 
verapamil or 0.0003 to 1 ,uM (-)- or (+)-D-888. 
Bovine serum albumin (0.1%) was included in the 
reaction mixtures to decrease non-specific binding of 
[3H]D-888. Binding reactions were terminated after 
90 min by filtration through Whatman GF/C filters 
(presoaked in 0.3% polyethylenimine), and specific 
D-888 binding was determined as described above. 
Non-specific binding was determined from the 
amount of [3H]D-888 bound in the presence of 10 ,nM 
unlabeled (-)-D-888 and was approximately 25% of 
total binding at the Kil, (approximately 10 nM). 

Materials. All chemicals were of reagent grade and 
were purchased from the Sigma Chemical Co. (St. 
Louis, MO). 13H]QNB (33 Ci/mmol), [“H]NMS 

(85 Ci/mmol) and Bioffuor were purchased from 
New England Nuclear (Boston, MA), [3H]-(-)-D- 
888 (83 Ci/mmol) and the enantiomers of verapamil 
and D-888 were gifts from Dr. Rolf Kretzschmar 
(Knoll AG, Ludwigshafen, FRG). 

Data analysis. The maximum number of sarco- 
lemma1 QNB and D-888 binding sites (B,,& and 
their apparent affinities for the ligands (&,) were 
estimated by linear least squares analysis of Scat- 
chard plots generated from [3H]QNB and [3H]-( -)- 
D-888 saturation binding isotherms. The ICY,, values 
were estimated from indirect Hill plots [ZO] of vera- 
pamil competition experiments. At verapamil con- 
centrations below 100 PM, the affinity of the putative 
muscarinic binding site for verapamil (KJ was deter- 
mined by applying the equation of Cheng and Prusoff 
[21]. The affinities of the phenylalkylamine site for 
verapamil and D-888 were determined in a similar 
manner. 

The observed 13H]QNB association rate constant 
(k&l was determined by the pseudo-first-order 
method using the following equation [20]: 

i 

[R-QNB], 

In [R-QNB], - [R-QNB], = ‘Ohs* ’ 

where [R-QNB], and [R-QNB], are the concen- 
trations of specifically bound QNB at equilib~um (e) 
and each time (t) respectively. The dissociation rate 
constant (k-1) was determined from the slope of a 
plot of In ([R-QNB],/[R-QNB],) versus time. 

All experiments were carried out in duplicate or 
triplicate and repeated on at least two different prep- 
arations. Values are presented as mean -t SEM. 

RESULTS 

Effect of racemic verapami~ on equilibrium 
[3H]QNR binding. Purified canine sarcolemmal 
membranes could be characterized as having a single 
population of high affinity [3H]QNB binding sites 
with K. = 56 t: 14pM and B,,, = 8.0 rt 0.5pmol/ 
mg protein (N = 5). Studies with N-methyl- 
scopolamine (NMS), a muscarinic antagonist with a 
lower affinity for the receptor (Kc = 305 PM, N = 
2) yielded a B,,, = 9.1 pmol/mg protein (N = 2). 

The major effect of racemic verapamil was to 
decrease the apparent affinity of the muscarinic 
receptor for 13H]QNB (Fig. 1). At concentrations up 
to 40 PM, racemic verapamil did not alter the linear 
characteristics of the Scatchard plot (Fig. lB), and 
Hill plots of the data in Fig. 1 had slopes of approxi- 
mately 1. The lcso and calculated Ki for the inhibitory 
effect of racemic verapamil were 13.6 rt 1.6 and 
7.3 t 1.3 ,uM respectively. Racemic verapamil also 
inhibited 13H]NMS (100 PM) binding (rcss = 
57.4 2 5.0 ,uM). 

Esfeecfs of verapamil enanfiomers on equilibrium 
binding. (-)-Verapamil had a greater inhibitory 
effect on equilibrium QNB and NMS binding to the 
cardiac muscarinic receptor (Table 1, Fig. 2). The 
lcso values for the (-) and (+) enantiomers of ver- 
apamil determined from competition studies using 
45 pM 13H]QNB as ligand were 9.9 ir 0.4 and 
20.5 + 1.1 PM respectively (Fig. 2). The calculated 
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Fig. 1. Effect of racemic verapamil on equilibrium [3H]QNB binding. (A) Binding isotherms. (B) 
Scatchard plot. Reactions were initiated by addition of 2 pg/ml sarcolemmal vesicles to reaction mixtures 
containing OpM (a), 5 PM (0), 15 yM (A), or 40 PM (A) verapamil; the mixtures were incubated for 

90 min. The values are from a representative experiment. 

Ki values were 5.3 2 0.2 PM for (-)-verapamil and 
11.4 + 0.6 PM for (+)-verapamil. (-)-Verapamil 
had a greater inhibitory effect on NMS binding than 
did (+)-verapamil (Table 1). 

The KD for QNB increased from 52 pM in the 
absence of phenylalkylamines to 570 and 990 pM 
in the presence of 40 PM (+)- and (-)-verapamil 
respectively (Fig. 3). Hill plots of the data in Fig. 3 
were linear with slopes of approximately 1. Neither 
enantiomer significantly altered B,,,, 

Effects of verapamil and its enantiomers on QNB 
association and dissociation. Racemic verapamil 
slowed QNB-receptor association in a concen- 
tration-dependent manner (Fig. 4). The kobs was 
decreased from 5.5 f 2.1 (N=4) to 
2.3 x 10-4.sec-’ (N = 2; data from Fig. 4) by 30 PM 
verapamil, and its ICKY for this effect was 
10.5 -C 1.5 PM. (-)-Verapamil had a greater inhibi- 
tory effect on QNB association than (+)-verapamil 

[rcso = 7.9 -+ 2.3 and 15.5 + 2.1 PM respectively 
(Figs. 5A and 6)]. 

The time course of [3H]QNB dissociation after 
addition of 1 PM atropine consisted of two phases: a 
small rapid phase followed by a large slow phase 
(Figs. 5B and 6). Neither verapamil enantiomer 
affected the initial, rapid phase of dissociation, which 
was not examined further. However, both enanti- 
omers inhibited the slow phase; this effect required 
high verapamil concentrations (>50 PM) and 
demonstrated stereoselectivity opposite to that 
observed for inhibition of [ 3H]QNB-receptor associ- 
ation (Figs. 5 and 6). The estimated dissociation rate 
constant for the slow phase of the reaction was 
5.0 + 0.5 x 10-5~sec-1 and, in the presence of 
150pM (+)-, racemic and (-)-verapamil, this rate 

Table 1. Inhibition of muscarinic antagonist binding to 
sarcolemmal vesicles by verapamil enantiomers 

% Control binding 

Ligand (+)-Verpamil (-)-Verapamil 

QNB (45 PM) 53.8 f 3.0 (10) 38.5 f 3.8* (7) 
NMS (100 nM) 69.1 2 6.1 (12) 57.7 2 2.6: (12) 

Conditions were as described in Materials and Methods. 
The concentrations of verapamil isomers were 10 and 
50pM, respectively, for the QNB and NMS experiments. 
Control values for QNB and NMS were 3.2 f 0.5 pmol/ 
mg (N = 4) and 1.48 * 0.3 pmol/mg (N = 7) respectively. 
Values are mean 2 SEM, with the number of experiments 
given in parentheses. 

* Significantly different from (+) isomer, P < 0.05. 

J 
-0 I 1.0 IO 100 

FREE VERAPAMIL (JJM) 

Fig. 2. Effects of various concentrations of (-)- (0) or (+)- 
(0) verapamil on [3H]QNB (45 PM) equilibrium binding. 
Reaction conditions were as described in Fig. 1. The values 
are mean k SEM for N 2 7. Control specific QNB bind- 

ing = 1.45 f 0.05 pmol/mg (N = 6). 
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FREE QNB (PM) 

Fig. 3. Effects of 40 ,uM (-)- (0) or (+)- (0) verapamil on 
[‘H]QNB equilibrium binding isotherm. The values are 

from a representative experiment. 

constant was 43.3? 3.0, 64.0* 8.0, and 81.0? 
8.0% of control respectively (Fig. 6, N 2 3). 

Stereoselectivity for the phenylalkylamine receptor. 
Equilibrium binding isotherms for [3H]-( -)-D-888 
demonstrated that canine sarcolemma contains a 
specific and saturable phenylalkylamine binding site 
with a KD and a B,, of 9.7 ? 0.8nM and 
1.8 2 0.1 pmol/mg (N = 9) respectively. The (-) 
enantiomers of verapamil and D-888 were more 
effective than their respective (+) enantiomers in 
inhibiting binding of [3H]-( -)-D-888 (Fig. 7). Values 
of Kifor (-)-and (+)-D-888 were 13.6 and 64.9 nM, 
respectively, and those for (-)- and (+)-verapamil 
were 39.6 and 73.7nM respectively. Although the 
relative ability of the verapamil enantiomer to inhibit 
ligand binding to phenylalkylamine and muscarinic 
receptors in heart was similar, the concentrations 
required to inhibit [3H]QNB binding were approxi- 

TIME (min) 

20 40 60 60 

TIME tmin) 

Fig. 4. Effect of racemic verapamil on [3H]QNJ3-receptor 
association. Reaction mixtures contained 2.2 pg/ml protein 
and 45 pM [‘H]QNB, at 37” and 0 (O), 5 pM (0), 30 PM 
(A), or 100 PM (A) verapamil. The /cobs = 4.2 x 10m4. set-’ 
for control. The values are from a representative 

experiment. 

mately 250-fold greater (Kj = 5.3 and 11.4 PM for 
(-)- and (+)-verapamil respectively; Fig. 2). 

DISCUSSION 

The present study is in accord with earlier findings 
that phenylalkylamine calcium channel blockers 

0 50 100 150 200 250 300 

TIME (mm) 

Fig. 5. (A) Effects of 10pM (+)- (A) or (-)- (A) verapamil on [3H]QNB association (45 pM QNB) 
(0) at 37”. Inset: Log plot of B,/“B, - B,” vs t where B, = ligand bound at equilibrium and E, = ligand 
bound at time, t. The koha for control = 2.4 x lO~~.sec~‘. Values are from a representative experiment. 
(B) Effects of 100 ,uM (+)- (A) or (-)- (A) verapamil on [‘H]QNB (45 PM) dissociation examined by 
addition of 1 PM unlabeled atropine (0. control), at 37”. Inset: Log plot of B,/B, (see panel A) vs time. 
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The ability of dihydropy~dines and phenyl- 

VERAPAMIL (Ml 

Fig. 6. Relative abilities of (+)-verapamil (0) and (-)- 
verapamil(0) to decrease the calculated QNB association 
(k& (left) and dissociation (right) rate constants. Data 
were obtained from a series of experiments similar to that 
shown in Fig. 5 (N = 5). Control kobS = 5.5 rt 2.1 X 
10-4-sec-’ (N = 4); k_i = 5.0 t 0.5 x 10-5-set-1 (N = 5). 

alkylamines to inhibit sar~o~emmal calcium infiux is 
believed to reflect a specific interaction of these 
compounds with a membrane protein or proteins 
related to the calcium selective channel in cardiac 
and smooth muscle plasma membranes (for review 
see Ref. 22). The specificity of this interaction is 
supported by the findings that these agents are effec- 
tive at nanomolar concentrations and the effects are 
stereoselective, although the relative effects of the 
enantiomers of verapamil may vary from 3- to lOO- 
fold in different tissues ([%I, see Ref. 23 for review). 
The present study demonstrates that the interaction 
of phenylalkylamines with cardiac muscarinic recep- 
tors also exhibits a stereoselectivity that is similar in 
magnitude to that observed for verapamil and D-888 
inhibition of phenylalkylamine binding to cardiac 
sarcolemma (Fig. 7) and skeletal muscle microsomes 
[24]. Greater stereoselectivity of the phenylalkyl- 
amine receptor in heart has also been reported, 
however [ 121. 

inhibit antagonist binding to cardiac muscarinic 
receptors. This inhibitory effect (Figs. l-3) could be 
characterized as a decrease in the affinity of 
(3H]QNB with no change in the number of binding 
sites, i.e. apparent competitive inhibition. inhibition 
of equilib~um binding resulted from the ability of 
verapamil to decrease the rate of i3H]QNB associ- 
ation to the muscarinic receptor, an effect which 
displays stereoselectivity (Figs. 4 and 6). At con- 
centrations above low5 M, verapamil inhibited 
[3H]QNB dissociation [9] (Figs. 5 and 6); while this 
effect was also stereoselective, the stereoselectivity 
was opposite to that for [3H]QNB association. Since 
verapamil inhibited [3H]QNB dissociation only at 
high concentrations, inhibition of QNB dissociation 
probably did not modify the competitive-like inhi- 
bition of 13H]QNB binding by verapamit at low 
ligand concentrations (Figs. 1, 4, and 6). These 
results support the view that phenylalkylamines alter 
the muscarinic receptor in heart by interacting with 
two distinct sites [9] having different stereoselectivity 
and an approximately 25fold difference in affinity 
for the PhenyIalkyIamines. 

The diverse effects of phenylalkylamines on mem- 
brane function that are not attributable to calcium 
channel blockade [l-9,23] may reflect a non-specific 
interaction of these compounds with membranes 
since these effects occur only at concentrations above 
1 PM. Both D-600 and the structurally dissimilar 
iocal anesthetic, tetracaine, at similar micromolar 
concentrations, inhibit ligand binding to muscarinic 
receptors in brain 161. The finding that the phenyl- 
alkylamine structure can act kinetically as a com- 
petitive inhibitor (with similar KJ of ligand binding 
to muscarinic (Fig. l), alpha-adrenergic and opiate 
receptors [S-9] cannot be explained by the present 
data. However, the structurally unrelated compound 
quinidine resembles phenylalkylamines in its ability 
both to inhibit QNB association to, and also dis- 
sociation from, muscarinic receptors in heart 125) 
and ligand binding to alpha-adrenergic receptors 
[26]. The finding that a diverse group of plasma 
membrane receptors are affected similarly by a var- 
iety of unrelated molecular structures [9,27] suggests 
that the apparent competitive kinetics of the phenyl- 
alkylamine effects observed in this study do not 
reflect binding of these drugs to specific QNB binding 
sites [27]. 
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Fig. 7. Competition of (-)- or (+)-D-888 (A), or (-)- or (+)-verapamiI(3) with [3H]D-888 (I nM) for 
binding to the phenylaIkylamine site in canine sarcolemmal vesicles. Each value represents the mean C 
SEM (N Z= 5). Open symbots, (+) isomer; closed symbols, (-) isomer. Control specific (-)-D-888 

binding = 0.25 + 0.01 pmol/mg (N = 18). 
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The high lipid solubility of the phenylalkylamines 11. B. Ringdahl, F. J. Chler and D. J. Jenden, Molec. 
suggests that their effects may be mediated by an Pharmac. 21, 594 (1982). 
interaction with hydrophobic membrane domains 12. M. Garcia, M. J. Tremble, J. P. Reuben and G. Kaczo- 

that are linked functionally to a number of membrane rowski. J. biol. Chem. 259, 15013 (1984). 

receptors. The importance of the incorporation of 13. A. Goll, D. R. Ferry, J. Striessnig, M. Schober and H. 

calcium channel blocking agents into membrane 
Glossmann, Fedn Eur. Biochem. Sot. Left. 176, 371 

lipids in their mechanism of action [28] is supported 
(1984). 

by recent patch clamp studies of single calcium chan- 
14. R. A. Janis, J. G. Sarmiento, S. C. Maurer, G. T. 

nels [29,30]. These studies demonstrate that both 
Bolger and D. J. Triggle, J. Pharrnac. exp. Ther. 231. 
8 (1984). 

phenylalkylamines and dihydropyridines can modify 15. J. C. Giacomini, R. H. Zobrist, D. G. Hopkins, K. M. 
calcium channels when added to the aqueous Giacomini and W. L. Nelson, Clin. Res. 32. 241A 
environment outside the patch clamp pipette and so (1984). 
suggest that these drugs can reach a site of action by 16. K. Jim, A. Harris, L. B. Rosenberger and D. J. Triggle. 

first entering the membrane bilayer [28,30]. The Eur. J. Pharmac. 76, 67 (1981). 

stereoselective property of the interaction of phenyl- 17. L. R. Jones, W. S. Maddock and H. R. Besch. Jr., J. 

alkylamines with the muscarinic receptor reported 
biol. Chem. 255, 9971 (1980). 

here could reflect steric constraints of the receptor 
18. R. A. Colvin, T. F. Ashavaid and L. Herbette. 

Protein at or near the membrane site where the drug 
Biochim. biophys. Acta 812, 601 (1985). 

resides [31]. 
19. 0. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. 

Randall, J. biol. Chem. 193. 265 (1951). 

Acknowledgements-The authors wish to thank Atsushi 
20. G. A. Weiland and P. B. Molinoff, Life Sci. 29, 313 

(1981). 
Yoshida for his excellent technical assistance and Dr. 21. Y-C. Cheng and W. H. Prusoff, Biochem. Pharmac. 
Arnold M. Katz for invaluable discussions. 22, 3099 (1973). 

22. A. M. Katz, A. J. Pappano, F. C. Messineo, H. Smi- 

REFERENCES lowitz and P. Nash-Adler, in The Heart and Car- 
diovascular System (Eds. H. Fozzard. E. Haber. R. B. 

1. R. S. Kass and R. W. Tsien, J. gen. Phvsiol. 66. 169 
(1975). 

2. D. W. Hay and R. M. Wadsworth, Br. .I. Pharmac. 74, 
296P (1981). 

3. J. B. dolper and W. A. Catterall, Molec. Pharmac. 15, 
174 (1978). 

4. R. McGee, Jr. and J. E. Schneider, Molec. Pharmac. 
16, 877 (1979). 

5. P. F. Blackmore, M. F. El-Refai and J. H. Exton, 
Molec. Pharmac. 151. 598 (1979). 

6. A. S. Fairhurst, M. L. Whittaker and F. J. Ehlert, 
Biochem. Pharmac. 29, 155 (1980). 

7. J. S. Karliner, H. J. Motulsky, J. Dunlap, J. H. Brown 
and P. A. Insel, J. cardiovasc. Pharmac. 4,515 (1982). 

8. D. Carey, J. P. Vincent and M. Lazdunski, Fe& Eur. 
Biochem. Sot. Lett. 84. 110 (1977). 

9. M. Waelbroeck, R. Robberkcht,‘P. DeNeef and J. 
Christophe, Biochem. biophys. Res. Commun. 121, 
340 (1984). 

10. J. 2. Fields. W. R. Roeske, E. Morkin and H. I. 
Yamamura, J. biol. Chem. 253, 3251 (1978). 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

Jennings, A. M. Katz and H. Morgan), Vol. 2, p: 1597. 
Raven Press, New York (1986). 
R. A. Janis and D. J. Triggle, J. med. Chem. 26, 775 
(1983). 
H. Glossman, D. R. Ferry, A. Go11 and M. Rambusch, 
J. cardiovasc. Pharmac. 6, S608 (1984). 
M. Waelbroeck, P. DeNeef, R. Robberecht and J. 
Christophe, Life Sci. 35, 1069 (1984). 
H. J. Motulsky, A. S. Maisel, M. D. Snavely and P. 
A. Insel, Circulation Res. 55, 376 (1984). 
J. M. Stockton, N. J. Birdsall, A. S. V. Burgen and E. 
C. Hulme. Molec. Pharmac. 23. 551 (1983). 
D. G. Rhodes, J. G. Sarmiento and L. G: Herbette. 
Molec. Pharmac. 27, 612 (1985). 
J. Heschler, D. Pelzer, G. Trube and W. Trautwein, 
Pfliigers Archs 393, 287 (1982). 
S. Kokubun and H. Reuter. Proc. natn Acad. Sci. 
U.S.A. 81, 4824 (1984). 
R. H. Zobrist, K. M. Giacomini, W. L. Nelson and J. 
C. Giacomini. J. molec. cell. Cardiol. 18, 963 (1986). 


