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SUMMARY. The two dihydropyridines Bay K$6t~t~ and CGP 28392 increase 45Ca2+ influx 
in cultured rat cardiac cells with half-maximal effects at 2 nM and 30 nM respectively 
at a membrane potential  of -75 inV. This s t imulat ion of Ca2+ uptake is inhibited by 
nitrendipine) verapamil and bepridil, Ca2+ channel act ivat ion produced by Bay K86¢¢ 
and CGP 28392 has been compared with Ca2+ channel act ivat ion produced by depolari- 
zation, There is no addition between the effects of drugs act ivat ing the Ca2+ channel 
and the effects of depolarization suggestin]~ that  Bay K8644 and CGP 28392 work 
preferential ly on polarized membranes,  45CaZ+ flux experiments yielded results which 
are in excellent  agreement  with electrophysiological and contract ion data obtained with 
the same cells in culture, Dose-response curves for the physiological effects of the 
drugs are observed over the same range of concentrat ions as their inhibition of 
[ 3H]nitrendipine binding to its receptor,  ® 1984 Acad~ic P . . . . .  ~no. 

INTRODUCTION. Voltage-dependent calcium channels are responsible for the plateau 

phase of the action potential of the cardiac ceil. They are closely linked to contracti le 

activation of myocardium. They are blocked by compounds known as calcium antago- 

nists which suppress the contracti le performance of the heart (1-3). These compounds 

include structural ly different groups of drugs such as dihydropyridine including nitrendi- 

pine, nimodipine or nisoldipine and other compounds l ike verapamil, D600, dilt iazem and 

bepridil. 

It has been shown recently that relat ively small structural modifications of 

dihydropyridine molecules which block Ca2+ channels can lead to a novel class of drugs 

such as Bay K864¢ and CGP 28392 which bind to cardiac membranes with high af f in i ty  

(¢), induce an increase in cardiac and smooth muscle contract i l i ty (5, 6), enhance Ca2+ 

influx in human platelets and in neuroblastoma-glioma ceils (7, 8), enhance secretion in 

a pituitary cell line (9) and activate chromaffin cell Ca2+ channels (I0). 
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The present work reports the properties of interaction of Bay K8644 and CGP 

28392 with Ca2+ channels in rat heart cells in culture using 45Ca2+ flux, electrophysio- 

logical and binding studies. 

MATERIALS AND METHODS 
Cell culture. Dissociation of ventricles from 2 to 3 day-old rats into single cells was 
carried out as previously described (l l). After dissociation, the dispersed cells were 
plated at a density of 4 x I05 cells/cm2 and cultured as monolayers using both 35 mm 
diameter Petri dishes (Corning) and 24-well tissue culture plates (Nunc). Cultures were 
maintained at 37°C in a water-saturated atmosphere of air/CO 2 (95/5). The medium 
was changed once, two days after plating, and monolayers were used 3 to 7 days after 
plating for both electrophyslological and45Ca2+ influx studies. 
Tissue and membrane preparation. Hearts from Wistar albino rats were used at adult 
stage (3 to 4 month-old). Rats were killed by decapitation and venticles were quickly 
removed and washed in an ice-cold oxygenated solution containing 20 mM Tris/Cl 
0.25 M sucrose and I mM EDTA at pH 7.4 (TSE buffer) and homogenized at setting 5 
with a Polytron apparatus using three 5,sec bursts separated by 30-sec pauses. All 
subsequent operations leading to the plasma membrane fraction (P3) were carried out at 
4°C according to Paris et el. (12). The cardiac plasma membrane fraction (P3) was kept 
in TSE buffer at a protein concentration of approximately 5 mg/ml in liquid nitrogen 
until used for binding studies. 
Binding assays. Binding assays were carried out as previously described (13). 400-500 llg 
of plasma membrane fraction (P3) were equilibrated in l mI of the standard incubation 
medium containing 20 mM Tris/Ci, 50 mM choline chloride and I0-4 M of the protease 
inhibitor phenyl methylsulfonyl fluoride at pH 7.4 and 4°C. The effect of Ca2+ channel 
blockers and activators on specific [3H]nitrendipine binding to Ca2+ channels in the 
heart plasma membrane fraction was measured under equilibrium conditions at 4°C 
during I hr using a fixed concentration of [3H]nitrendipine and increasing concentra- 
tions of unlabeled drugs. All experiments were carried out under dim light. 
t~SCa2+ flux experiments. The determination of nitrendi]?ine-sensitive and -insensitive 
rates of 45Ca2+ uptake in the presence or absence of CaZ+ agonists by cardiac cells in 
culture was carried out in 24-well tissue culture plates (Nunc). The cells were cultured 
between 4 and 7 days before flux measurements were performed. The rates of 45Ca 2+ 
flux were determined in media containing K + at concentrations ranging between 5 and 
.50 mM with a corresponding decrease either in Na + (or Li + in some experiments) 
concentrations from 140 to 90 raM. The determination of rates of 45Ca 2+ uptake first 
involved a preincubation of the cells with the desired concentration of the drug to be 
studied for 15 rain at 37°C in a medium containing adequate concentrations of Na + and 
K+, 5 mM glucose and 25 mM Hepes-Tris at pH 7.4 in the presence of 0.2 mM EGTA. 
The medium was then removed by aspiration and the cells were incubated in a new 
medium free of EGTA and supplemented with 1.8 mM CaC] 2 and 2 lICi/ml of 45Ca2+ in 
the presence of the same concentrations of cations and drugs that were used in the 
preincubation medium. Kinetics of 45Ca2+ uptake were followed by removing the 
medium at different times at 37°C. Initial rates of 45Ca2+ uptake were routinely 
measured after 20 sec to obtain dose-response curves for Ca 2+ agonists and Ca 2+ 
antagonists. At the end of the incubation, wells were washed three times in less than 10 
sec with 3 ml of washing medium containing 140 mM choline, l mM LaCi 3 and 2.5 mM 
Hepes-Tris at pH 7.4. After the third wash, 2 ml of 0.1 N NaOH were added to each 
well and the radioactivity incorporated by the ceils was counted. Protein concentrations 
were measured according to Hartree (14). 
Electrophysiology and contraction. Electrical recordings from new-born rat heart cells 
cultured in the form of monolayers have been carried out as previously described (15). 
Spontaneous beating rates and amplitude of contractions were recorded simultaneously 
with the membrane voltage recording and analysed with the combination of a Sony 
camera and a simplif ied real t ime TV image analyser based on an Apple II micro- 
computer (15). With this system the recorded images are successively compared to a 
reference image and the number of "pixels" that have changed state are determined. 
This lat ter value is fed into a D/A converter in order to fol low the deformation of ceils 
in real t ime on an oscilloscope. 
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RESULTS 

The inset of Fig. [ shows the t ime-course  of ¢5Ca2+ uptake by cardiac cells that  have 

been incubated in a low K+ medium containing 5 mM KCI and in a high K+ medium 

containing ¢0 mM KCI in the presence and/or absence of 10 nM Bay K86¢¢ and 1 pM 

nitrendipine. When cells are in a low K+ medium their membrane potential  is at -75 * 

5 mV and ¢5Ca2+ uptake is not a f fec ted  by nitrendipine. Addition of 10 nM Bay K$6t~O 

increases the initial rate  of ¢5Ca2+ uptake (2.5-fold). This increased t~SCa2+ uptake is 

blocked by nitrendipine (1 pM) (Fig. IA and inset). When cells are incubated in a high 

K+ medium they are depolarized to -30 " 5  mV (not shown). Depolarization with K+ 

great ly increases the initial rate  of ¢5Ca2+ uptake (C-fold) and this increased uptake is 

inhibited by 1 pM nitrendipine (Fig. 1B and inset). Addition of 10 nM Bay K860~ does 

not increase the component of ¢5Ca2+ uptake induced by depolarization and does not 

prevent  its inhibition by nitrendipine (Fig. 1B and inset). 45Ca2+ uptake induced both by 

Bay K$64¢ under polarized conditions, and by depolarization (¢0 mM KCI), is not due to 
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Fig. 1 (Inset) : Time-course of 43Ca2+ uptake in ~ or 40 mM [K+] o. Cardiac cells from 
new-born rats were cultured and pre-incubated as described in Materials and Methods. 
Uptake of ¢5Ca2+ was measured for increasing periods of time in medium containing 
2 llCi/ml of ¢5Ca2+ and either 5 mM (o~=, A)9 or t~0 mM (El, •,J~) K+, in the presence 
(z~,J~, A) or absence ( a , • )  of 10 nM Bay K864~ and in the presence of nitrendipine 
(NTD) (1 p M) ( • ,  A, o, e). Each point represents the mean value of 4 experiments. Main 
panel A : Effect of 10 nM Bay K864~ on ¢5Ca2+ uptake under polarized conditions 
([K+] o 5 raM). Uptake of t~SCa2+ was measured for 20 sec at 37°C under the indicated 
conditions. Each bar gives the mean value • S.E. of t~ experiments. Main panel B : 
Effect of high [K+]o on ¢5Ca 2+ uptake. Each bar gives the mean value ~S.E. of ¢ 
experiments. 
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Fig. 2 : Effects of Bay K86t~(L (A) on electrical and mechanical activities of rat cardiac 
culture. (A 1) Control action potential, (A 2) 10 rain after addition of [ nM Bay 

K864% (A3) 10 rain after addition of 100 nM Bay K$64t~ to the same cell. The lower 
trace shows the contraction. (B) Stimulation of the initial rate of 45Ca2+ uptake in low 
[K+] o medium (o) by increasing concentrations of Bay K86#4. Inset : Effect of 
Bay K$6Z~4 on specific [3H]nitrendipine (0.3 nM) binding. Curves represent the mean 
values of # series of experiments. 

the Na+/Ca2+ exchange system since a similar nitrendipine-sensitive 45Ca2+ uptake 

component is found when Na + is replaced by LI+ (Fig. IA  and t5). LI+ cannot substitute 

for Na+ in the Na+/Ca2+ exchange system. 

The effects of Bay K8645 on both the action potential and contraction of new-born 

heart ceils cultured in monolayers are shown Fig. 2A. Bay K8644 in concentrations 

between 10-9 M and 10-7 M produces marked effects on both the duration of the action 

potential and the contraction. The action potentiai duration measured at 5096 repolari- 

zation (APDs0) is increased by as much as 66% (10-9 M Bay K8644) to 86% (10 -7 M 

Bay K8644) as compared to the control value (150 msec). Bay K8654 enhances the 

duration of contraction in the same range of concentrations over which changes in the 

action potential duration are observed (Fig. 2A). The dose-response curve for the action 

of Bay K8644 on the in i t ia i  rate of 45Ca2+ uptake is shown Fig, 2B. The half-maximal 

ef fect  of Bay K8644 on 45Ca2+ uptake st imulation is observed at 2 nM. The inset of 

Fig. 215 shows that increasing concentrations of Bay K8644 gradually inhibi t  specif ic 

[ 3H ]nitrendipine binding to cardiac membranes with a half-maximum effect near 2 nM. 

CGP 28392 behaves simi lar ly to Bay K8644. The electrophysiological effects of 

CGP 28392 are shown in Fig. 3A. CGP 28392 increases APDs0 by 23% and 55% at 

concentrations of 10-8 M and 10-7 M respectively. As previously observed for Bay 

K8645, CGP 28392 also enhances contract i l i ty  in parallel wi th its effect on Ca 2+ 
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Fig. 3 : Effects of CGP 28392. (A) on electrical activity of new-born rat cardiac cells in 
~ .  {A 1) Control action potential, {A 2) 10 rain after addition of I0 nM CGP 28392, 
(A 3) 10 rain after addition of 100 nM CGP 28392 to the same cell. (B) Stimulation of the 
initial rate of 45Ca 2+ uptake in low [K+]o medium (a) by increasing concentrations of 
CGP 28392. Inset : Inhibition of [3H]nitrendipine (0.3 nM). 

I I  

channel act ivi ty (not shown). The dose-response curve of the increased rate of 45Ca2+ 

uptake due to CGP 28392 is presented in Fig. 3B; the half-maximum effect  is observed 

at 30 nM. CGP 28392 also inhibits [ 3H]nitrendipine binding to cardiac membranes with 

a half-maximal effect  at 50 nM (inset Fig. 3B). 

Fig. 4 shows dose-response curves for the action of two Ca2+ channel blockers 

which do not belong to the dihydropyridine series. Verapamil and bepridil decrease the 

component of initial rate of $5Ca2+ uptake due either to the action of 10 nM Bay K8645 

under polarized conditions (Fig. SA), or to depolarization (40 mM K +) in the absence of 

Bay K8645 (Fig. ¢B). Half-maximum inhibition for verapamil and bepridil respectively 
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Fig. # : Verapamil and bepridil-sensitive rate of liSCa 2+ uptake. Main panels : Dose- 
response curves for verapamil (A) and bepridil ( o )  effects  on the initial rate  of 45Ca2+ 
uptake in the presence of 10 nM Bay K86tltl (A) in low [K+]o medium. Effects in high 
[K+] o medium in the absence of Bay K86¢~ (B). Inset : Effects of verapamil ( a )  and 
bepridil ( o )  on [3H]nitrendipine (0.3nM) binding to cardiac membranes. Curves 
represent the mean values of 6 series of experiments.  
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are  found at  370 nM and 1 IIM in the presence of 10 nM Bay K 8 6 ~  under polarized 

conditions and at  ¢00 nM and 2 IIM under depolarized conditions.  Inset in Fig. ¢ shows 

the e f fec t s  of increasing concentra t ions  of verapamil  and bepridil  on [3H]ni t rendipine 

binding to card iac  membranes.  Half-maximum inhibition values for verapamil  and 

bepridil  are  250 nM and 8 gtM respect ively .  

DISCUSSION. The two dihydropyridine der ivat ives ,  Bay K86t~4 and CGP 28392, which 

have been studied in this paper have the following proper t ies  of in terac t ion  with the 

Ca2+ channel in cul tured rat  card iac  cells : (i) They both ac t iva te  ~5Ca2+ entry  when 

the card iac  cell  is polar ized at  -75 inV. (if) Act ivat ion  of Ca2+ channels is observed at  

re la t ive ly  low concentra t ions  of the drugs, the order of potency being Bay K86¢4 (EDs0 

= 2 riM) > CGP 28392 (EDs0 = 30 nM). (iii) Bay K86#¢ and CGP 28392 are  unable to 

increase  the probabil i ty  of opening of Ca2+ channels under depolarizing conditions.  

Their e f fec t s  are  not addit ive with those of depolar izat ion.  This observation strongly 

suggests that  the drug act ion is vol tage-dependent ,  being more e f f ic ien t  a t  -75 mV than 

at  -30 mY. (iv) Drug concentra t ions  at  which the s t imulat ion of ~5Ca2+ influx is 

observed are  in sa t i s fac to ry  correspondence with those which produce an inhibition of 

[3H]ni t rendipine  binding. (v) Ca2+ channel blockers like verapamil  and bepridil ,  which 

do not belong to the dihydropyridine series and which bind to a s i te  dis t inct  from tha t  of 

dihydropyridines (3, 16), block with a s imilar  potency both Ca2+ channels ac t iva ted  by 

depolar iza t ion of the membrane to -30 mV or ac t iva ted  by Bay K864~. (vi) Ca2+ flux 

da ta  measured in the presence of Bay K8644 and CGP 28392 are consis tent  with 

e lec t rophysiological  findings. Prolongation of the pla teau phase of the action potent ia l  

which is due to Ca2+ channel ac t iv i ty  is seen in the same range of drug concentrat ions  

over which an increased ra te  of 45Ca2+ uptake is observed. This prolongation of the 

act ion potent ia l  is paral le l led by an increased con t rac t i l i ty  as expected for an increased 

Ca2+ entry.  

All  these results are consistent with very recent patch-clamp and voltage-clamp 

experiments which have shown that both Bay K86¢t$ (17-19) and CGP 28392 (17) 

increase the probability of finding the cardiac Ca2+ channel in the open form (17-19). 

The drugs probably act by promoting a long-lasting open state of the Ca2+ channel (17, 
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19). The dose-response curve observed for Bay K8644 by patch-clamp techniques (17) is 

very similar (ED50 = 5-10 nM) to the one found in this study using 45Ca2+ flux. 

Rat cardiac ceils in culture have a maximal capaci ty  for [ 3H]nitrendipine binding 

of 60 fmol/mg protein which corresponds to about 10q sites/cell  (not shown). Ca2+ 

influx values measured at saturating concentrations of Bay K8644 and CGP 28392 are 

2.2 and 1.4 nmol/mg protein/20 sec, respectively (Fig. 2 and 3). If we assume a one-to- 

one ratio between nitrendipine binding sites and Ca2+ channels, our data indicate a 

Ca2+ influx of 1.9 x 103 and 1.2 x 103 Ca2+ ions transported/sec/channel site at 

saturating concentrations of Bay K8644 and CGP 28392 respectively. Under our condi- 

tions, the action of Bay Kg6tt4 and CGP 28392 would cause the opening of 5 to 10 

channels per cardiac cell at any given time assuming an elementary Ca2+ current of 

about I pA (20). 

Because both Bay K8644 and CGP 28392 elicit a marked increase in the rate of 

45Ca2+ influx under polarized conditions one can easily foresee that  these compounds 

will become valuable tools in Ca2+ channel studies. This situation would be similar to 

that of sea anemone toxin which activates Na + channels in heart and other excitable 

tissues (21). 
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