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Introduction 
Despite the 100 years that have elapsed since the dis

covery by Sidney Ringer of the vital role for Ca2+ in the 
maintenance of cardiac contractility, the messenger 
function of Ca2+ has been appreciated only comparatively 
recently (reviewed in ref 1-3). This messenger function 
for Ca2+ (Figure 1), a consequence of a critical cellular 
decision probably made early in the course of evolution,4 

is made possible by three key features of cellular Ca2+ 

regulation: (1) In the resting state the intracellular con
centration of ionized (free) Ca2+ is low (<10~7 M), but it 
increases during excitation to between 10~7 and 10"5 M. (2) 
There exist within the cell specific Ca2+-binding proteins 
with dissociation constants for Ca2+ of between 10~7 and 
10"5 M and which serve as intracellular Ca2+ receptors. (3) 
Within the plasma membrane and intracellular organelles, 
Ca2+-specific entry, exit, and sequestration processes exist. 
These processes function both to generate the elevated 
levels of Ca2+ during excitation and to restore and maintain 
the low intracellular Ca2+ levels of the resting state. 

A schematic representation of cellular Ca2+ regulation 
is shown in Figure 2. Cellular Ca2+ is stored in intra
cellular organelles, including mitochondria (MI) and sar
coplasmic reticulum (SR), by energy-dependent transport 
processes.5-7 Ca2+ release, notably from sarcoplasmic 
reticulum and functionally related structures, plays an 
important role in stimuli that directly or indirectly mobilize 
intracellular Ca2+. It is probable that the plasma mem
brane, at its cytosolic interface, also plays an important 
role in Ca2+ storage and release processes. Although both 
mitochondria and sarcoplasmic reticulum have significant 
storage capacities for Ca2+, the cell must, in order to avoid 
the deleterious consequences of Ca2+ overload,8 ultimately 
remove Ca2+ to the extracellular environment. At least two 
Ca2+ mechanisms are involved, a plasmalemmal Ca2+-
ATPase and a Na+-Ca2+ exchange process.9"14 The latter 
derives its cation countertransporting ability from 
Na+,K+-ATPase and may, according to the ratios of in
tracellular and extracellular Na+, serve to remove Ca2+ 

from or introduce Ca2+ to the cell. Within the cell, the 
targets for Ca2+ are an homologous group of Ca2+-binding 
proteins, including parvalbumins, troponin C, and cal
modulin, that serve to confer Ca2+ sensitivity to mechan-
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Table I. Calmodulin-Dependent Events 

motility 
axonal transport 

Cellular Events 
contraction of smooth muscle 
hormone and neurotransmitter 

release 
prostaglandin synthesis 
cell architecture 

phospholipid breakdown 
cell proliferation 
Ca2+ transport 

Enzyme Activation 
cyclic nucleotide myosin light chain kinase 

phosphodiesterase 
adenylate cyclase phospholipase A2 
phosphorylase b kinase glycogen synthase kinase 
NAD+-kinase 

ical, secretory, and metabolic events.2'3'15 Of particular 
importance is calmodulin, since it is highly conserved in 
structure, has a wide-spread phylogenetic distribution, and 
has multiple roles in Ca2+-dependent cellular regulation 
(Table I).1'15"20 
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Figure 1. Ca2+—king of the messengers (with apologies to cyclic 
AMP and cyclic GMP). 

Figure 2. Schematic representation of cellular Ca2+ regulation. 
Ca2+ storage within the cell is shown in mitochondria (MI) and 
other intracellular loci (Ca2+

iat), including sarcoplasmic reticulum 
and the internal plasma membrane surface. Ca2+ entry, as dis
cussed in the text, can occur through receptor-operated and po
tential-dependent channels, as well as through the Na+ channel. 
Intracellular Ca2+ levels are regulated through the operation of 
membrane pumps, including Ca2+-ATPase and a Na+/Ca2+ 

countertransport. The functions of intracellular Ca2+ are mediated 
through Ca2+ binding proteins, notably calmodulin (CM), shown 
in cytosolic and membrane-associated states. Reproduced from 
ref 56. 

To complement the several storage and efflux processes 
for Ca2+ there exist several influx pathways. Although Ca2+ 

can enter the cell through a "leak" pathway (unstimulated) 
and as a minor contributor to the fast inward Na + cur
rent,21 it has been proposed tha t the two major types of 
Ca2+ entry pathways are those that have been designated 
potential-dependent (PDC) and receptor-operated (ROC) 
channels.22,23 Potential-dependent channels have been 
defined as those activated by membrane depolarization 
(electrical or elevated K+) , while receptor-operated chan
nels are those associated with membrane receptors and are 
activated by specific agonist-receptor interaction. It is not 
known if the channels themselves are different structures 
or if the association of ligand receptors with PDC changes 
their voltage dependence and sensitivity to channel an-
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Figure 3. Ca2+ mobilization in response to plasma membrane 
signals. Two types of Ca2+ channels are shown, receptor-operated 
(ROC) and potential-dependent channels (PDC). Specific 
agonist-receptor interactions (REC-1, REC-2) can mobilize Ca2+ 

through ROC or from intracellular sources or may depolarize the 
membrane and activate the PDC. K+-depolarizing stimuli activate 
PDC only. Ca2+ mobilization may also include regenerative (Ca2+ 

induced) Ca2+ release to amplify the signal for producing the 
response. VP, Nif, and DZ are verapamil, nifedipine, and dil-
tiazem, respectively. Their site of action, which is probably in 
the Ca2+ channel, is not represented in the figure. 
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Figure 4. Structure of calmodulin antagonists, including a 
generalized structure. 

tagonists and makes them ROC. In principle, Ca2+ mo
bilization during cellular excitation may be initiated from 
both extracellular and intracellular sources (Figure 3), the 
relative extent of which will depend on several factors, 
including the tissue, stimulant, species, the environment 
of the Ca2+ channels, and the effect of other Ca2+ regu
lating mechanisms. 

These processes of Ca2+ regulation at the cellular level 
are paralleled by Ca2+ regulation at the organismic level, 
where body Ca2+, total and plasma, is regulated by a tri
umvirate of agents, vitamin D, calcitonin, and parathyroid 
hormone, serving to regulate Ca2+ entry, Ca2+ storage, and 
Ca2+ excretion.24 

Ca2+ Antagonists 

The ubiquitous role of Ca2+ in cell regulation and the 
diversity of processes controlling cellular Ca2+ concentra
tion indicate the importance of identification of the sources 
and routes of Ca2+ mobilization. One approach is through 
the use of agents tha t may selectively antagonize the 
pathways of Ca2+ utilization. 

(24) H. De Luca, Biochem. Soc. Trans., 10, 147 (1982). 
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Figure 5. Structure of Ca2+ channel antagonists. 

There is an abundance of structures possessing to some 
degree the ability to inhibit Ca2+-dependent processes.25'26 

For most of these structures, however, their ability to 
antagonize Ca2+-mediated processes is probably indirect 
and, in any event, is clearly secondary to other and better 
defined pharmacological activities. However, considerable 
attention has been paid in recent years to two major groups 
of compounds—the calmodulin antagonists (Figure 4) and 
the Ca2+ channel antagonists (Figure 5). 

Calmodulin Antagonists. Both groups of compounds 
are characterized by significant heterogeneity of chemical 
structure, which may suggest multiple sites and mecha
nisms of action. However, for the compounds depicted in 
Figure 4, it is apparent that their ability to interact with 
calmodulin is dominated largely by hydrophobic interac
tions,27"30 consistent with their interaction at a nonpolar 
site on calmodulin exposed during the prerequisite step 
of Ca2+ binding.31 Neither binding to calmodulin nor 
inhibition of calmodulin-dependent phosphodiesterase by 
the isomers of butaclamol, thiothixene, or flupenthixol 
exhibits stereoselectivity,27,32'33 observations consistent with 
a relatively nonspecific mode of interaction with calmo
dulin and in marked contrast to the stereoselectivity of 
these same compounds, exhibited at much lower concen
trations, in inhibiting dopamine receptor binding and 
adenylate cyclase activation.29'30,32'33 Nonetheless, hydro-
phobicity is not the sole determinant of calmodulin an
tagonism, and Weiss and his colleagues29 suggest a general 
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Table II. Therapeutic Indications for Ca2+ 

Channel Antagonists 

Current Uses 
angina: vasospastic, unstable at rest, and chronic stable 
supraventricular tachycardia 
ventricular tachyarrhythmia 
atrial flutter and fibrillation 
hypertension 

Possible Future Uses 
cerebral insufficiency and vasospasm 
pulmonary hypertension 
asthma 
premature labor 
primary dysmenorrhea, myometrial hyperactivity 
myocardial ischemia and failure 
cardiac preservation 
intestinal spasm 
peripheral vascular disease 
esophageal motor disorders, achlasia 

structure for calmodulin antagonists as shown in Figure 
4. 

The Ca2+ channel antagonists (Figure 5) resemble the 
calmodulin antagonists in that they are also a diverse group 
of molecular structures. Unlike the calmodulin antago
nists, however, the Ca2+ channel antagonists are highly 
potent, exhibit Ca2+ channel antagonism as their principal 
pharmacological property, and possess defined structure-
activity relationships, including stereoselectivity. The 
remainder of this review will focus on this group of Ca2+ 

antagonists. 
Ca2+ Channel Antagonists. The drugs currently 

available in North America, verapamil, nifedipine, dil-
tiazem, and lidoflazine, have a number of therapeutic in
dications (Table II).34""36 These drugs are the first an
tianginal agents introduced to the United States within 
the last decade that have the potential of becoming drugs 
of choice for most patients with angina. The description 
of these agents, variously referred to as Ca2+ antagonists, 
Ca2+ channel antagonists, slow channel blockers, or Ca2+ 

entry blockers, owes much to the original investigations 
of Fleckenstein who first observed that verapamil and 
prenylamine mimic the cardiac effects of Ca2+ withdraw
al.37 Subsequent studies showed that these and a number 
of other agents, including nifedipine, fendiline, and per-
hexiline, were cardiodepressant and coronary vasodilator 
drugs acting in an apparently competitive fashion against 
Ca2+ and served to introduce the principle of specific Ca2+ 

antagonism to therapeutics.38-40 Since the original studies 
with verapamil and prenylamine, a large number of ad
ditional structures have joined this class of Ca2+ antago
nists (Figure 5), and it is clear that this group of com
pounds is neither structurally nor pharmacologically ho
mogeneous.34,40^3 Thus, Fleckenstein40 (see also ref 41 and 
43) has divided compounds into group A (verapamil, D600, 
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(1977). 
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Table III. Antagonist Activities in Smooth Muscles" 

system 

guinea pig ileum 

canine coronary 

canine trachea 

rabbit aorta 

rabbit basilar 

rabbit saphenous 

ACh 
K+ 

NE 
K+ 

ACh 
K+ 

NE 
K+ 

5-HT 
K+ 

5-HT 
K+ 

antagonist 

nifedipine 

D600 

verapamil 

verapamil 

nimodipine 

nimodipine 

IDS0) M 

5X10" 9 

3 x 10" ' 
5 XlO"7 

2X10" 7 

>10"4 

« 1 0 " 4 

1 XlO"4 

3 x l 0 " s 

7 XlO"10 

2 XlO"10 

>10"5 

3 XlO"10 

a References 64-68. 

diltiazem, and nifedipine and related 1,4-dihydropyridines) 
and group B (prenylamine, fendiline, terodiline, and per-
hexiline), based on the potent and selective effect of the 
group A compounds on the Ca2+ component of the cardiac 
action potential and the less selective effect (concomitant 
inhibition of Na+ current) of the group B compounds. A 
further division can be made on the basis of the cardio-
selectivity and vascular selectivity of these agents. Vera
pamil, D600, and diltiazem are approximately equiactive 
in cardiac and vascular smooth muscle, whereas nifedipine 
(and other 1,4-dihydropyridines), flunarizine, and cin-
narizine are clearly more selective for vascular smooth 
muscle.38"41'43-46 These differences relate to their relative 
therapeutic utilities and are consistent with significant 
differences in sites or mechanisms of action. 

From these preliminary considerations a number of 
questions may be posed concerning the Ca2+ channel an
tagonists: (1) Specific actions (stimulus selectivity, 
structure-activity relationships, stereoselectivity)? (2) 
Relationship to Ca2+ (inhibition of Ca2+ currents, compe
titive to Ca2+, inhibition of Ca2+ uptake)? (3) Selectivity 
(stimuli, tissues)? (4) Sites and mechanisms of action (Ca2+ 

channels, other membrane sites, multiple mechanisms, 
sidedness, state-dependent block)? Recent reviews have 
summarized much basic and clinical data on the Ca2+ 

channel antagonists.25'26'35'36'39'46-56 

(1) Specific Actions. Specific actions of the Ca2+ 

channel antagonists at a defined subgroup of Ca2+ mobi
lization processes are strongly indicated by the stimulus 
selectivity exhibited by these agents. In smooth muscle, 
depolarization-induced responses are usually very sensitive 
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(45) J. M. Van Neuten, J. Van Beek, and P. A. J. Janssen, Arz

neim.-Forsch., 28, 2082 (1978). 
(46) G. B. Weiss, Ed., "New Perspectives Calcium Antagonists", 

American Physiological Society, Bethesda, MD 1981. 
(47) A. Schwartz, Ed., Am. J. Cardiol., 49, 497 (1982). 
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(49) R. G. Rahwan and D. T. Witiak, Eds., "Calcium Regulation 

by Calcium Antagonists", American Chemical Society, 
Washington, DC, 1982. 
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Figure 6. Structure-activity requirements in the 1,4-dihydro-
pyridine series. For further discussion see text. 

to these drugs, but agonist-induced responses show great 
variation in sensitivity (Table III); extensive compilations 
of similar data have been provided by Flaim54 and Cauvin 
et al.50 

The generally high sensitivity of K+-induced responses 
and the variable sensitivity of agonist-induced responses 
may reflect the varying extent of agonist-induced Ca2+ 

mobilization through PDC relative to ROC and intracel
lular sources. Implicit in this proposal is that PDC and 
ROC are relatively sensitive and insensitive, respectively, 
to the Ca2+ channel antagonists.25,26,55'56 Alternatively, the 
ROC may display a range of sensitivities to the Ca2+ 

channel antagonists according to the receptor and tissue 
in question.23'50,57 These possibilities remain to be critically 
distinguished, but some agonist-induced contractions are 
more sensitive to the Ca2+ antagonists than are K+-induced 
contractions.58-60 Furthermore, in rabbit aorta the ef
fectiveness of nisoldipine and diltiazem as inhibitors of 
norepinephrine (NE) induced contraction and 45Ca2+ up
take decreased dramatically with increasing NE concen
tration, and van Breemen50,57 has suggested the existence 
of multiple activated ROC states characterized by varying 
susceptibility to antagonist blockade. It has been previ
ously proposed52,61 that the sensitivity of Ca2+ channels to 
blockers is dependent on the many membrane and intra-
cellar factors that are known to regulate Ca2+ channel 
function.62,63 According to this view, the PDC of smooth 
muscle that are highly sensitive and the ROC channels that 
are less sensitive to Ca2+ channel antagonists may repre
sent two commonly occurring Ca2+ channel states in a 
continuum of potential states for a single basic type of 
smooth-muscle Ca2+ channel. 

A specific site of action, rather than, for example, some 
nonspecific membrane perturbation, is also indicated by 
the existence of strict structure-activity relationships, in
cluding stereoselectivity.25'26'47,55'56,69 In a comparison of 
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Eds., Academic Press, New York, p 101. 
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340 (1978). 
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the negative inotropic effects of 15 agents, including both 
Ca2+ antagonists and other compounds (diphenyl-
hydantoin, diazoxide, flurazepam, etc.), a positive asso
ciation of activity and increasing lipophilicity was observed 
for the latter compounds, consistent with a membrane 
perturbant action.69 Structure-activity data for 1,4-di-
hydropyridines are available for several systems,42'™"73 

including in vivo blood pressure,69,71 isolated cardiac (pa
pillary) muscle,70 and intestinal smooth muscle.25'64,74 The 
general structural requirements for activity are summa
rized in Figure 6 and indicate the following: (a) The 1,4-
dihydropyridine ring is essential. Oxidation to the pyridine 
abolishes activity, (b) The NH group of the 1,4-dihydro-
pyridine ring must be unsubstituted for optimum activity. 
(c) The 2,6-substituents of the 1,4-dihydropyridine ring 
should be lower alkyl, although one NH2 group is tolerated. 
(d) Ester substituents in the 3- and 5-positions of the 
1,4-dihydropyridine ring are optimum. Removal or re
placement by COMe or CN greatly reduces activity, (e) 
Ester substituents larger than COOMe generally maintain 
or even increase activity, suggesting a region of bulk tol
erance in the site of 1,4-dihydropyridine interaction, (f) 
An aryl substituent, preferably a substituted phenyl group, 
appears optimum for the 4-position of the 1,4-dihydro
pyridine. The position of the substituent in the phenyl 
ring is critical: para substitution invariably decreases 
activity, whereas ortho or meta substitutions generally 
increase activity according to their electronic and steric 
effects, (g) When the ester substituents at C3 and C5 of 
the dihydropyridine ring are different, the C4 position 
becomes chiral, and stereoselectivity of antagonism is ob
served.64,72'75-79 

Only limited quantitative structure-activity relationships 
(QSAR) have been delineated for the 1,4-dihydro-
pyridines.42,55,56,70 Thus, for a small series of 2,6-di-
methyl-3,5-dicarbomethoxy-4-substituted-phenyl-1,4-di-
hydropyridines, the effects of the phenyl substituent (ortho 
or meta) on negative inotropic potency correlated with the 
Verloop steric parameter Bi,m increasing with increasing 
JBX values. Loev et al.69 had earlier suggested that the effect 
of o-phenyl substituents might be to ensure a perpendi
cular orientation of the phenyl ring to the 1,4-dihydro
pyridine ring. A role for steric influences is also suggested 
from the solid-state structures of a small number of 1,4-
dihydropyridines,81 where, despite the well-known diffi-

(69) B. Loev, M. M. Goodman, K. M. Snador, R. Tedeschi, and 
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Pharmacol. Exp. Ther., in press. 

(75) H. Meyer, F. Bossert, E. Wehinger, K. Stoepel, and W. Vater, 
Arzneim.-Forsch., 31, 407 (1981). 

(76) T. Shibanuma, M. Iwanami, K. Okuda, K. T. Takenaka, and 
M. Murakami, Chem. Pharm. Bull., 28, 2809 (1980). 
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berg's Arch. Pharmacol., 317, 183 (1981). 
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neim.-Forsch., 32, 338 (1982). 

(79) T. Takenaka, I. Migazaki, M. Asano, S. Higuchi, and S. 
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7, 165 (1976). 
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Table IV. Ca2+ Antagonist Actions in Cardiac Tissue" 

preparation activity antagonist IDS0, M 

guinea pig papillary contraction verapamil 5 X 10"7 

guinea pig atria contraction D600 <10"7 

nifedipine 10"7 

cat papillary Ca2+current D600 2 X 10"6 

nifedipine 6 X 10"7 

cat ventricular Ca2+ current nifedipine 6 X 10"7 

trabeculae verapamil <10"6 

guinea pig single Ca2+ current nitrendipine 2X10" 7 

ventricular cells 
0 References 26, 83, 88, and 89. 

Table V. Inhibition of ,5Ca2+ Uptake and Mechanical 
Response in Smooth Muscles0 

IE>s°' M 

45Ca2+ 

system antagonist contraction uptake 

rabbit pulmonary verapamil 4.0 x 10"7 3.0 x 10"7 

artery, K+ 

rabbit aorta, K+ D600 2.0 x 10"7 1.5 X10"7 

verapamil 1.7 XlO"7 6 . 8 x 1 0 " ' 
nicardipine 1 . 9 x 1 0 " ' 1 . 0 x 1 0 " ' 
diltiazem 5.0 x 10"7 3.0 x 10"7 

rat aorta, K+ flunarizine 2.2 X10"7 1.8 X10"7 

0 References 23, 50, and 90-92. 

culties of extrapolation from solid-state to receptor-bound 
conformations, a correlation has been observed between 
the extent of 1,4-dihydropyridine ring pucker and phar
macological activity. Substituents (ortho or meta) in the 
phenyl ring influence the 1,4-dihydropyridine ring con
formation, activity increasing with increasing ring pla-
narity. as noted previously para substituents in the phenyl 
ring did not obey this relationship, suggesting that the 
highly detrimental effect of these substituents arises from 
hindrance to the actual receptor interaction. 

QSAR data for other classes of Ca2+ channel antagonists 
is quite limited. For a series of verapamil analogues, 
substituted in the phenyl ring adjacent to the asymmetric 
carbon, the best correlation obtained was with the F sub
stituent constant, indicating the importance of the elec
tron-withdrawing ability of the substituent.82 Further 
evidence for specificity of actions is provided by the ste
reoselectivity of both verapamil and D 600, (-) > (+), 
observed in both cardiac- and smooth-muscle prepara
tions.25,83-87 It is clearly important for both the 1,4-di
hydropyridine and the verapamil series that larger groups 
of analogues be systematically analyzed to test the sig
nificance of the limited correlations thus far achieved. 

(2) Relationship to Ca2+. Vital to the original defi
nition of Ca2+ antagonists were the observations that their 
cardiodepressant and smooth-muscle relaxant actions 
mimicked Ca2+ withdrawal and that these actions were 
overcome by elevation of the extracellular Ca2+ concen
tration. 

(81) A. M. Triggle, E. Shefter, and D. J. Triggle, J. Med. Chem., 
23, 1442 (1980). 

(82) R. Fossheim, R. Svarteng, A. Mostad, C. Romming, E. 
Shefter, and D. J. Triggle, J. Med. Chem., 25, 126 (1982). 

(83) R. Mannhold, R. Rodenkirchen, and R. Bayer, Prog. Phar
macol, 5, 25 (1982). 

(84) R. Bayer, R. Kaufmann, and R. Mannhold, Naunyn-
Schmiedeberg's Arch. Pharmacol, 290, 69 (1975). 

(85) C. Ludwig and H. Nawrath, Br. J. Pharmacol, 59,411 (1977). 
(86) K. Satoh, T. Yanagisawa, and N. Taira, J. Cardiovasc. 

Pharmacol, 2, 309 (1980). 
(87) K. Jim, A. Harris, L. B. Rosenberger, and D. J. Triggle, Eur. 

J. Pharmacol, 76, 67 (1981). 
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Very direct evidence supports the conclusion that this 
group of antagonists does block a specific sarcolemmal Ca2+ 

entry process. Myocardial Ca2+ currents are blocked at 
concentrations close to those necessary to produce elec
tromechanical uncoupling (Table IV). Similarly, activated 
(but not resting) Ca2+ uptake is blocked by the Ca2+ an
tagonists,23,50,56,66,64,88 and where complete dose-response 
relationships are available, there is good agreement be
tween inhibition of mechanical response and inhibition of 
Ca2+ uptake (Table V). However, exceptions have been 
noted93"95 in which a dissociation of inhibitory effects on 
mechanical response and Ca2+ uptake occur. The origins 
of these discrepancies, limited in number, are not under
stood, and it is clear that the majority of studies do find 
a close link between the inhibitory effects of Ca2+ antag
onists on mechanical responses and Ca2+ uptake. These 
results argue against mechanisms of action other than 
those that result in decreased 45Ca uptake. 

The relationship between Ca2+ and the Ca2+ antagonists 
has often been described as competitive. Thus, in depo
larized smooth and in cardiac muscle, dose-response curves 
to Ca2+ are shifted to the right and a series of pA2 values 
have been reported for Ca2+ antagonists.43'66,87'96"99 How
ever, it is not clear that a true competitive relationship has 
always been established: the concentration range over 
which [Ca2+]ext can be varied makes accurate determination 
of the slopes of Schild (dose ratio) plots difficult, and many 
pA2 values have been determined in single point assays. 
Where slope values are available, they are often signifi
cantly different from unity.42'43,87'96 Furthermore, there 
exist discrepancies; for example, in depolarized rabbit aorta 
the effects of diltiazem on Ca2+-induced responses become 
progressively less reversible by Ca2+ with increasing dil
tiazem concentration.97'100 The reversible inhibition of 
Ca2+ and Ba2+ current by verapamil, diltiazem, and ni
trendipine is also hot consistent with simple competition 
at the cation binding site at which inorganic cations block 
the Ca2+ channel,88 this binding site being the Ca2+ coor
dination site for Ca2+ movement through the channel.62 

The results of Lee and Tsien88 suggest that there are at 
least two different sites of Ca2+ interaction as it permeates 
the Ca2+ channel, an outer site, where competition between 
Ca2+ and Cd2+ occurs, and an inner site, where competition 
with organic blockers occurs. Their results with cardiac 
cells also indicate that the increased Ca2+ concentration 
gradient is not the reason for the increased current when 

(88) K. S. Lee and R. W. Tsien, Nature (London), in press. 
(89) R. Bayer and T. Ehara, Prog. Pharmacol., 2, 31 (1978). 
(90) S. Thorens and G. Haeusler, Eur. J. Pharmacol., 54, 79 

(1979). 
(91) M. Terai, T. Takenaka, and H. Maeno, Biochem. Pharmacol., 

30, 375 (1981). 
(92) T. Godfraind and D. Dieu, J. Pharmacol. Exp. Ther., 217, 

510 (1981). 
(93) A. H. Weston, in "Recent Advances in the Pharmacology of 

Adrenoceptors", Proceedings of a Satellite Symposium of the 
International Congress of Pharmacology, 7th, Manchester, 
England, July 24-26,1978, E. Szabade, C. M. Bradshaw, and 
D. Bevan, Eds., Elsevier, Amsterdam, 1978, p 15. 

(94) J. Church and T. T. Zsoter, Can. J. Physiol. Pharmacol., 58, 
254 (1980). 

(95) S. Bostrom, B. Ljung, S. Mardh, S. Forsen, and S. Thulin, 
Proc. Adv. Pharmacol. Ther., Proc. Int. Congr., 8th (1981). 

(96) H. Nabota, Jpn. J. Pharmacol., 27, 239 (1977). 
(97) T. Nagao, T. Ikeo, and M. Sato, Jpn. J. Pharmacol., 27, 330 

(1977). 
(98) M. Spedding, Br. J. Pharmacol., 318, 234 (1982). 
(99) D. J. Triggle and V. C. Swamy, Circ. Res., in press. 

(100) C. van Breemen, O. Hwang, and K. D. Meisheri, J. Pharma
col. Exp. Ther., 281, 459 (1981). 

extracellular Ca2+ is elevated. 
Major questions thus remain to be resolved concerning 

the interaction between Ca2+ and the Ca2+ antagonists. It 
is possible that there is competition for a common binding 
site that is modulated by the state of the Ca2+ channel or 
that the apparent competitive behavior may have other 
origins, including allosteric interactions between the cation 
and drug binding sites, recruitment of additional Ca2+ 

channels by elevated Ca2+, or activation of "spare" Ca2+ 

channels. It is noteworthy that Spedding98 reported that 
the calmodulin antagonists pimozide and trifluoperazine 
behaved similarly to the Ca2+ channel antagonists, pro
ducing a rightward shift of the Ca2+ dose-response curve 
in depolarized intestinal smooth muscle. Thus, the shift 
seen with Ca2+-channel antagonists does not itself neces
sarily indicate a competitive blockade of Ca2+ entry. 

(3) Selectivity. The question of selectivity of Ca2+ 

channel antagonist action is of fundamental importance. 
In principle, selectivity may be considered at two 
levels—stimulant and tissue. Examples of stimulant se
lectivity have already been provided (Table III) and 
probably reflect, at least in part, the relative extent to 
which Ca2+ is mobilized by the stimulant through poten
tial-dependent channels, receptor-operated channels, and 
intracellular sources. Thus, the nifedipine analogue ni-
modipine is very effective against 5-hydroxytryptamine 
(5-HT) responses in rabbit basilar artery but is ineffective 
against 5-HT responses in rabbit saphenous artery.68 

Similarly, responses in rat vascular tissue mediated 
through postsynaptic a2 receptors are sensitive to the Ca2+ 

channel antagonists, whereas responses mediated through 
a-i receptors are insensitive.101"104 The extent to which 
stimulant selectivity is observed may also be dependent 
upon the stimulant concentration. Thus, in canine tracheal 
smooth muscle the responses to low and high concentra
tions of acetylcholine are sensitive and insensitive, re
spectively, to the Ca2+ antagonists,66 and similar obser
vations have been made for norepinephrine responses in 
rabbit aortic smooth muscle.100 

However, it is also possible that differences in Ca2+ an
tagonist sensitivity are exerted at the tissue level. Such 
differences may have a variety of origins: pharmacokinetic 
differences; physiological reflexes; relative agonist use of 
PDC; Ca2+ channel differences, (a) binding and (b) ki
netics; frequency and voltage dependence of interaction; 
pathological state of tissue. 

Of particular importance is the question of whether 
differences in Ca2+ channel organization or kinetics are 
recognized by the existing Ca2+ channel antagonists and 
are translated into selectivity of action. Several lines of 
evidence indicate that such differences may exist. 

Significant differences in the relative cardiac depres
sant/smooth-muscle relaxant activities between the three 
major agents verapamil, diltiazem and nifedipine are well 
recognized.25'34,35,39,41'50,51 Verapamil and diltiazem are 
approximately equiactive in cardiac and smooth muscle, 
whereas nifedipine is significantly more active in smooth 
muscle (vascular and nonvascular). These differences are 
observed both in vivo and in vitro and are reflected in the 

(101) J. C. A. van Meel, A. De Jong, H. O. Kalkman, B. Wilffert, 
P. B. M. W. M. Timmermans, and P. A. van Zwieten, Eur. 
J. Pharmacol, 69, 205 (1981). 

(102) C. Nghiem, V. C. Swamy, and D. J. Triggle, Life Sci., 30, 45 
(1982) 

(103) J. C. A. van Meel, A. De Jonge, H. O. Wilffert, P. B. M. W. 
M. Timmermans, and P. A. van Zwieten, Naunyn-Schmie-
deberg's Arch. Pharmacol., 316, 288 (1981). 

(104) J. C. A. van Meel, Ph.D. Dissertation, University of Amster
dam, Amsterdam, The Netherlands. 
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Figure 7. Correlation of pharmacological activities of a series 
of 2,6-dimethyl-3,5-dicarbomethoxy-4-substituted-phenyl-l,4-
dihydropyridines in gut (acetylcholine contractions in guinea pig 
ileal longitudinal muscle) and cardiac (negative inotropic activity 
in cat papillary muscle) preparations. The solid line is that of 
best fit, and the dashed line is for 1:1 equivalence. The heart data 
are from ref 70. NIMOD and NITR are nimodipine and ni
trendipine, respectively. 
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Figure 8. Some selectively acting 1,4-dihydropyridines. 

clinical indications for these agents. 
The higher activity of the dihydropyridine series in 

smooth muscle is revealed very clearly in the data of Figure 
7 comparing the inhibitory activities of a series of phe-
nyl-substituted nifedipine analogues in cat papillary and 
guinea pig intestinal muscle. Despite this major difference 
in sensitivity, the structural requirements for activity are 
clearly very similar in both tissues. The significant de
viation of nimodipine (and to a lesser extent nitrendipine) 
from this correlation is of particular interest, since these 
are ester-substituted analogues of nifedipine (Figure 8). 
This deviation parallels a previous report that niludipine 
(Figure 8) shows a greatly enhanced smooth-muscle se
lectivity relative to nifedipine,43 and nisoldipine (Figure 
8) is also more potent than nifedipine as a vasodilator but 
has the same cardiac activity.105 Substitution at the ester 

(105) S. Kazda, B. Garthoff, H. Meyer, K. Schlossmann, K. Stoe-
pel, R. Towart, W. Vater, and E. Wehinger, Arzneim.-
Forsch., 30, 2144, (1980). 

position in the 1,4-dihydropyridine series (Figure 6) may 
thus be a probe for differences in binding site organization 
or channel function in cardiac and smooth muscle. 
Whether such differences also exist between individual 
smooth muscles or vascular beds is uncertain. However, 
it has been reported that nimodipine exhibits selectivity 
for the cerebral vasculature.68,106 Further examination of 
the basis of tissue selectivity is clearly an area worthy of 
much serious investigation. 

Although major emphasis in the actions of Ca2+ channel 
antagonists has been directed toward excitation-contrac
tion coupling, data are available for a number of stimu
lus-secretion coupling systems. Quite generally, these 
systems are less sensitive to the Ca2+ antagonists than are 
smooth and cardiac muscle contraction.26,26'55 Thus, in 
many neuronal systems, calcium currents and depolari
zation-induced Ca2+ uptake107"112 are affected only at very 
high concentrations of antagonist, where it is not likely that 
specific channel blockade is occurring. However, Ca2+ 

current in Helix neuron is relatively sensitive to nitren
dipine,113 and 45Ca influx into cells of the pheochromocy-
toma cell line PC 12 is inhibited by nanomolar concentra
tions of nitrendipine.114 

In whole animal studies, selectivity at the tissue level 
will also depend partly on various physiological feedback 
systems that will modify the effect of the Ca2+ channel 
antagonists. For example, any direct cardiodepressant 
effect of nifedipine that might occur with very high doses 
will be opposed by reflex autonomic nervous system effects 
(in response to hypotension), which increase heart rate and 
contractility. Decreased cardiac contractility due to Ca2+ 

channel inhibition will also be opposed by decreased re
sistance to blood flow in the whole body; the latter will 
allow increased cardiac stroke volume and total cardiac 
output even if the force of contraction is decreased. The 
low sensitivity of some but not other vascular beds in the 
intact animal is probably related to some extent to the 
relative importance in various types of local and aut-
oregulation of blood flow, as well as regulation of flow by 
the nervous and endocrine systems. For example, vascular 
beds that are under a major and continuous regulation by 
the sympathetic nervous system, such as most of the cu
taneous circulation, are often less sensitive to these vaso
dilators, whereas the coronary and cerebral circulation, 
which are more autonomous, are more susceptible to the 
vasodilator effect of Ca2+ channel antagonists.35,52 This 
may reflect, in part, the norepinephrine levels that are 
generally present at the adrenergic receptors of a given 
vascular bed. It should be noted that the Ca2+ channel 
antagonists also have direct effects on baroreceptor reflexes 
and that these effects, such as the decrease in the cardiac 
parasympathetic component of the baroreceptor reflex, 
differ between the different drugs.115 
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L. Toll, J. Biol Chem., 257, 13189 (1982). 
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An example of frequency dependence of interaction and 
the effect of tissue pathology is seen in the use of verapamil 
to treat cardiac tachyarrhythmias. Therapeutic concen
trations of verapamil do not significantly block cardiac 
Ca2+ channels until they are opened, and verapamil then 
slows the rate of recovery very dramatically. Therefore, 
the amount of block increases with heart rate. Thus, an 
abnormally high heart rate will be slowed more by vera
pamil than a normal heart rate. The amount of use de
pendence seen with nitrendipine (and presumably other 
1,4-dihydropyridines) is much less than that with vera
pamil.88 

It is clear that considerable variation occurs in the 
pharmacological sensitivity of Ca2+ channel events at the 
isolated cell levels. The extent to which this reflects dif
ferences in Ca2+ channel structure (presence, absence, or 
modification of antagonist binding sites), Ca2+ channel 
function (kinetics of activation and inactivation and their 
modification by membrane potential and antagonists), or 
differences in the coupling between channels and the ef
fector components remains to be determined for each type 
of tissues. The recent availability of Ca2+ antagonist ra
dioligands and binding assays does, however, permit fur
ther exploration of these possibilities. 

(4) Sites and Mechanisms of Action, (a) Ligand 
Binding Studies with [3H]Dihydropyridines. Al
though vascular smooth muscle is presently the major 
therapeutic site of action of nifedipine, nitrendipine, ni-
modipine, and related dihydropyridines, the first116 and 
most extensive74 characterization of binding sites for 
[3H]dihydropyridines in smooth muscle was on membranes 
from intestinal smooth muscle. High-affinity binding (Kd 
=* 0.1 nM) of both [3H]riitrendipine and [3H]nimodipine117 

to membranes from ileum was found to be rapid, rever-
sisible, specific, saturable, stereoselective, and of low 
density. The maximum number of binding sites was es
timated to be 1-10 iim~2 of membrane surface area,74 which 
is in good agreement with electrophysiological estimates 
of Ca2+ channel density in cardiac118 and neuronal cells.63,113 

Radiation inactivation analysis gives a molecular weight 
of the binding site's multisubunit structure in smooth and 
cardiac muscle membranes of 275 000 daltons, which is 
similar to that of the Na+ channel, and studies with a 
radiolabeled irreversible dihydropyridine derivative in
dicate a subunit molecular weight of 45000 for the binding 
site.120 

An important criterion for establishing that ligand 
binding is occurring at the pharmacologically relevant site 
is the demonstration that the same potency series is ob
tained for inhibition of binding and biological response. 
This has been done for membranes from guinea pig ileal 
smooth muscle, where there is an excellent correlation 
between the absolute potency of a variety of nifedipine 
analogues for inhibition of nitrendipine binding and for 
inhibition of ileal contractions induced by K+ depolarizing 
media.74 Binding data for membranes from bovine aorta,121 

(116) G. T. Bolger, P. J. Gengo, E. M. Luchowski, H. Siegel, D. J. 
Triggle, and R. A. Janis, Biochem. Biophys. Res. Commun., 
104, 1604 (1982). 

(117) R. A. Janis, S. C. Maurer, J. G. Sarmiento, G. T. Bolger, and 
D. J. Triggle, Eur. J. Pharmacol., 82, 191 (1982). 

(118) B. P. Bean, M. C. Nowycky, and R. W. Tsien, Biophys. J., 41, 
295a, abstr (1983). 

(119) O. H. Krishtal, V. I. Pidoplichiko, and Y. A. Shakhavolov, J. 
Physiol., 310, 423 (1981). 

(120) J. C. Venter, C. M. Fraser, C. Y. Jung, G. Bolger, and D. J. 
Triggle, J. Biol. Chem., in press. 

(121) J. G. Sarmiento, R. A. Janis, D. Jenkins, A. M. Katz, and D. 
J. Triggle, in ref 53, in press. 

as well as from rat,117 rabbit,122 and dog123 ventricle, are 
essentially the same as that for guinea pig ileal smooth 
muscle, indicating a considerable similarity in these ligand 
recognition sites. Thus, for all these tissues, the correct 
potency series has been obtained and a marked enantiomer 
selectivity of interaction is observed. 

The characteristics of ligand binding to membranes from 
guinea pig ileum74'116'117 and bovine aorta121,124 are con
sistent with the hypothesis that the binding site observed 
is that mediating the pharmacological effect of these 
compounds in these smooth muscles. A similar high-af
finity binding site is also seen in membranes from a large 
variety of other smooth muscles125"128 (see ref 129 for a 
more detailed discussion of ligand binding results for 
smooth-muscle membranes). 

In contrast to the strong indications that the relevant 
pharmacological site is being studied in smooth-muscle 
membranes74'116'121, doubt exists for similar binding sites 
in membranes from other sources.122 Both cardiac and 
neuronal cells generally exhibit a low sensitivity to these 
drugs, but isolated membranes from these cells exhibit the 
same high-affinity binding that is seen in smooth mus-
c]e#74,ii6,ii7,i2i-i40 However, depolarization-induced 45Ca 
uptake into pheochromocytoma PC12 cells114 was blocked 
by nitrendipine at a low concentration (IC50 = 10"9 M), 
which agrees with the dissociation constant for binding to 
isolated membranes from this clonal cell line (Kd = 10"9 

M). Initial studies with intact cultured cardiac cells in
dicate that both high (Kd = 2.6 X lO"10 M) and low (Kd = 
1.6 X 10~8 M) affinity binding sites for [3H] nitrendipine 
are present141 and that the apparent affinity of the latter 
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site also correlates with the EC50 for negative inotropic 
effects (2.8 X 10"8 M). 

Studies of the effect of verapamil, D600, and diltiazem 
on 1,4-dihydropyridine binding have resulted in many 
conflicting reports.i28,i30-i34,i36,i38,i43,i44 However, there is 
now general agreement that verapamil decreases, whereas 
diltiazem increases, dihydropyridine binding, both ap
parently by aUosteric mechamisms.74,122,125,128,134,136'143,144 Of 
particular interest is a report by Murphy and co-workers,134 

indicating that all non-dihydropyridine Ca2+ channel an
tagonists (including bepridil, diltiazem, lidoflazine, pre-
nylamine, and verapamil) appear to act at a common al-
losteric site to modify dihydropyridine binding to guinea 
pig brain membranes. Diltiazem appears to be a positive 
heterotopic regulator of the dihydropyridine binding site, 
whereas verapamil and D 600 are negative heterotropic 
regulators. 

There are differences between tissues with regard to the 
effect of diltiazem on 1,4-dihydropyridine binding. In 
membranes from some tissues, for example, ileal smooth 
muscle and skeletal muscle, diltiazem increases the max
imal number of binding sites without increasing the affinity 
of these sites,74,122 whereas for swine coronary artery,125 

neuronal,134'143,144 and rabbit ventricular membranes122 an 
increase in the affinity, rather than a large increase in the 
maximal number of binding sites, is seen. This is of in
terest because it represents one of the few differences 
detected so far between membranes from different tissues 
in the binding sites for Ca2+ channel antagonists. 

Another apparent difference between Ca2+ antagonist 
binding sites of membranes from different tissues is in the 
cation dependence of binding: EDTA treatment produces 
different effects on nitrendipine binding in membranes 
from brain, skeletal-muscle,129'133 and smooth-muscle 
membranes.74 The cation dependence of binding also 
represents another line of evidence that has been consid
ered to support the idea that 1,4-dihydropyridine binding 
is to the Ca2+ channel128'133'136"140 (see ref 122 for further 
discussion). After EDTA treatment, the amount of 
[3H] nitrendipine binding to neuronal membranes is much 
less in the presence of Ba2+ than in the presence of Ca2+.133 

If the number of binding sites is an index of the number 
of cation channels, then one might predict that less 
channels would be detected by using Ba2+ rather than Ca2+ 

as the current carrier, but this was not found to be the 
case.113,118 

The apparent competitive antagonism between Ca2+ and 
Ca2+ channel antagonists (discussed above) observed in 
intact cells and tissues is not seen in [3H] dihydropyridine 
binding assays over low (millimolar) Ca2+ concentrations; 
only at very high Ca2+ levels is there a reduction in drug 
binding, at which concentrations Mg2+ also inhibits.128,133 

Therefore, either Ca2+-dihydropyrine binding site inter
action is lost when membranes are isolated or the phar
macological antagonism is functional rather than compe
titive. In contrast, the binding of [3H]verapamil to cardiac 
membranes has been reported to be antagonized by Ca2+ 

in the 4- to 9-mM range.145 It remains to be determined 
whether this verapamil binding site is the same as the 
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aUosteric site that regulates dihydropyridine binding. 
Other than known Ca2+ channel antagonists, most other 

compounds tested do not effect 1,4-dihydropyridine 
binding in low concentrations, indicating that this binding 
site exhibits a high degree of specificity. However, in
teresting exceptions have been found.74,129 For example, 
diphenylhydantoin and diazoxide (10~4 M) both partially 
inhibit nitrendipine binding and both are thought to have 
a component of their pharmacological effect due to some 
type of Ca2+ antagonism.146,147 Furthermore, certain an
tihistamines, neuroleptics, and anticholinergic agents have 
been found to produce diltiazem-like enhancement of 
nitrendipine binding (in the presence of tiapamil) by acting 
at the aUosteric regulatory site.134 

Autoradiography of brain slices indicates that the 
highest density of [3H] nitrendipine binding sites is at sy
naptic areas rather than blood vessels.148 These results 
are in agreement with the low numbers of binding studies 
found in vascular smooth-muscle membranes.121,124"127,148 

Many studies with subcellular membrane fractions from 
smooth and cardiac muscle and nerve indicate that the 
localization of the specific binding site for Ca2+ channel 
antagonists is the plasma membrane,74,121,123,125,126,133,135,137,138 

although localization in cardiac terminal cisternae rather 
than sarcolemma has been proposed.149 Most of the ni
trendipine binding sites in skeletal muscle, which are of 
lower affinity than those of smooth or cardiac muscle or 
brain, appear to be in the transverse tubules rather than 
the surface sarcolemma;150 reviewed in ref 151. 

Most of these results, as well as the previously discussed 
electrophysiological studies, are in agreement with studies 
on skinned cardiac39 and smooth muscle,152,153 which col
lectively indicate that most Ca2+ channel antagonists have 
little or no effect in low concentrations on the intracellular 
membranes or on contractile or associated regulatory 
proteins. However, at high concentrations some of these 
drugs do bind to calmodulin,154"156 as well as to calmodulin 
binding proteins, such as cyclic nucleotide phosphodi
esterase,156 and other studies also support the hypothesis 
that these compounds have multiple pharmacological ac
tions. 

(b) Do Ca2+ Channel Antagonists Have Other 
Mechanisms of Action? Many of the Ca2+ channel an
tagonists are very hydrophobic; therefore, high concen
trations of these agents accumulate in cell membranes. 
Mean myocardial levels of verapamil exceed 10"6 M after 
intravenous injection of moderate doses (0.5 mg/kg) into 
dogs.157 Other channel antagonists also accumulate in 
cardiac and smooth muscle cells so that their mean con-
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centration inside muscle cells may be 20-fold greater than 
the extracellular concentrations.158 It is not known what 
contribution this higher concentration of drug in the 
membrane makes to therapeutic action, particularly after 
chronic treatment, but it is clear that Ca2+ channel an
tagonists have numerous actions that can be detected 
biochemically that are not related to blockade of Ca2+ 

channels and are in addition to the actions on calmodulin 
discussed above. 

One such effect that occurs in relatively low concen
trations is a marked stimulation of Na+,K+-ATPase of 
smooth-muscle (but not cardiac or neuronal) membranes 
by nimodipine and nitrendipine.159 This stimulation is 
not due to the binding of nimodipine to the previously 
discussed high-affinity binding site,117'160 since it is con
centration dependent over a lower and wider range (10~9 

to 10-6 M) and the number of Na+,K+-ATPase molecules 
in membranes are 1000-fold greater than the number of 
nitrendipine binding sites.125 It is not known whether Na+ 

pump stimulation occurs in intact cells, but the possibility 
of drug intervention at this site is exciting because inhib
ition of the Na+ pump probably contributes to the etiology 
of essential hypertension (see ref 161 and 162 and refer
ences therein). Other evidence consistent with Na+ pump 
stimulation by these drugs includes reduced intracellular 
Na+ in blood vessels treated with diltiazem54 and nifedi
pine;163 however, these drugs produced little or no 
Na+,K+-ATPase stimulation, in contrast to nimodipine and 
nitrendipine. Other evidence for Na+ pump stimulation 
by diltiazem has been previously discussed.54 Herms-
meyer164 has reported electrophysiological results on blood 
vessels that are consistent with electrogenic ion pump 
stimulation by nitrendipine, but he suggests that it is likely 
to be a Ca2+ rather than a Na+ pump that is stimulated. 

Ca2+-ATPase and Ca2+ binding of skeletal and cardiac 
muscle sarcoplasmic reticulum are stimulated by extremely 
high concentrations (10~4 M) of nimodipine and nitren
dipine, but not by nifedipine.165 Previous workers have 
reported that D 600 and verapamil (10-5 to 10-4 M) inhibit 
Ca2+-ATPase and Ca2+ transport by cardiac sarcoplasmic 
reticulum.166"168 Verapamil and bepridil (10-6 to 10"5 M), 
but not nifedipine or diltiazem, inhibit Ca2+ binding to 
isolated cardiac sarcolemma, resulting in the suggestion 
that the mechanism for block of Ca2+ influx may vary 
between drugs.169 However, verapamil blocks cardiac slow 
responses at lower concentrations than those at which it 
inhibits Ca2+ binding.169 Furthermore, electrophysiological 
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Table VI. Effects of D600 and Verapamil Not 
Attributable to Block of Ca2+ Channels0 

local anesthetic, Na+ channel block 
inhibn of outward K+ current (delayed rectifier, Jx) 
receptor blockade: adrenergic a, and a2 

muscarinic cholinergic 
opiate 

a References 25, 34, 42, 55, 103, 110, 111, and 176-178. 

studies demonstrate that channel blockade does not result 
from displacement of Ca2+ that would permeate the 
channel, since verapamil, D 600, diltiazem, and nitrendi
pine block outward as well as inward Cs+ current through 
the Ca2+ channel.88 

Several studies indicate that low concentrations of these 
drugs have intracellular effects in cardiac cells. For ex
ample, bepridil produced more block of contraction than 
block of the slow inward current.170 Similarly, verapamil, 
nifedipine, diltiazem, and perhexiline reduced the force 
of cardiac contraction more than intracellular Ca2+, as 
estimated by an aequorin signal,171 suggesting that they 
may act at the level of the contractile proteins; this view 
does not accord with the previous studies on skinned 
muscle discussed above. Other intracellular effects of these 
agents include inhibition of inorganic phosphate induced 
swelling of cardiac mitochondria172 and inhibition of 
Na+-induced Ca2+ release from this organelle.173 The 
protective effect of diltiazem on the ischemic heart appears 
to be due not only to coronary vasodilation and decreased 
heart rate but also to other mechanisms.174 

The above data consistent with ion pump stimulation 
in smooth muscle, as well as the intracellular effects in 
cardiac muscle, support previous suggestions34'54'60,94 that 
these agents have sites of action in smooth muscle in ad
dition to Ca2+ channels. In contrast, Cauvin et al.50 have 
argued that the close correlation between blockade of 45Ca 
influx and inhibition of smooth-muscle contraction (Table 
V) caused by various concentrations of diltiazem,100 D 600, 
flunarizine,92 nisoldipine,50 and nitrendipine175 establishes 
that the mechanism of action of these compounds in the 
tissues examined is exclusively blockade of stimulated Ca2+ 

influx. 
Many of the above studies, along with electrophysio

logical investigations and ligand binding studies with la
beled compounds for other receptor types, emphasize the 
dissimilarities between the pharmacological profiles of the 
various Ca2+ channel antagonists. Thus, verapamil and 
D 600 (in micromolar concentrations) block some Na+ 

channels, K+ channels, and a variety of receptor types 
(Table VI), whereas nifedipine and other 1,4-dihydro-
pyridines appear to be relatively free of these actions.176'178 

Of particular interest are the results of Karliner and co
workers177 indicating that verapamil blocks a1 receptors 
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and muscarinic receptors at concentrations (KT6 M) that 
are similar to those achieved clinically. The wide spectrum 
of pharmacological activity of verapamil and D 600 (Table 
VI) clearly indicates that these compounds are poor tools 
for examining the effect of Ca2+ channel blockade on a 
given cell type. In contrast to the marked stereoselectivity 
seen for verapamil and D 600 in blockade of smooth and 
cardiac muscle Ca2+ entry and contraction,83-87 inhibition 
of Na+ channels and neurotransmitter binding is not ste
reoselective.87,179 Blockade of Na+ channels, in contrast 
to the other effects on K+ channels and other receptors 
(Table VI), occurs only in very high, nontherapeutic con
centrations of verapamil. Unlike verapamil, tiapamil, 
dihydropyridines, and diltiazem, the antagonists lidoflazine 
and perhexiline block cardiac Na+ channels in the same 
concentration range as they block Ca2+ channels.180,181 

(c) Electrophysiological Studies. Direct measure
ments of Ca2+ currents in cardiac cells have been useful 
not only for establishing the basic site of action of these 
drugs but also for providing some exact information about 
their sites and mechanisms of action. Previous studies 
established that Ca2+ channels are blocked by verapamil 
and D 600 only after they are opened or inactivated and 
that the degree of block increases with membrane depo
larization and frequency of stimulation.84,89,182 The binding 
site for the Ca2+ channel antagonists appears to be mod
ulated by the state of the channel in a manner analogous 
to the binding sites for local anesthetics in nerve183 and 
cardiac muscle.184 Nifedipine, like verapamil, exhibits 
frequency dependence in atrioventricular cells,185 and 
nitrendipine shows use dependence in isolated ventricular 
cells.88 Nitrendipine, in contrast to verapamil, D 600, and 
diltiazem, exhibits some resting-state block, whereas dil-
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tiazem may inhibit cardiac Ca2+ channels by binding 
mainly to the inactivated state.88 Therefore, it might be 
expected that diltiazem would be less effective on Ca2+ 

channels that undergo little or no inactivation, such as 
those involved in stimulus-secretion coupling or those in 
skeletal muscle.63 Kass178 has suggested that the lack of 
a marked voltage dependence of block by nisoldipine may 
make this agent more useful than non-dihydropyridines 
in treatment of those cardiac arrhythmias not associated 
with abnormal depolarization. Recent studies with D 600 
and its quaternary ammonium AT-methyl derivative (D 890) 
indicate that D 600 blocks from inside of the Ca2+ channel 
after reaching its binding site by entering the cell in its 
unchanged form; D 890 was inactive unless it was injected 
inside of the isolated guinea pig myocyte.186 

Summary and Future Prospects 
Toward the beginning of this Perspective we posed a 

number of questions to be answered concerning the Ca2+ 

channel antagonists. Biochemical, chemical, clinical, 
pharmacological, and physiological studies collectively 
support the conclusion that this important group of 
molecules does function in specific fashion to inhibit Ca2+ 

channel function. Major questions of mechanisms and 
sites of action remain, however, to be resolved. The recent 
radioligand binding assay supports the conclusion, drawn 
earlier from the chemical and pharmacological heterog
eneity of these agents, that there exists multiple sites and 
mechanisms of action for the Ca2+ channel antagonists. 
This is a satisfying conclusion, since, although it makes 
high demands on future experimentation designed to 
delineate these sites and mechanisms, it indicates the very 
real possibility for the development of tissue-selective Ca2+ 

channel antagonists. Elsewhere in this review we have 
already addressed the question of tissue selectivity as 
observed for existing compounds. In our opinion, the 
structural and pharmacological clues available should bring 
us closer to the goal of second- and third-generation Ca2+ 

antagonists with defined tissue selectivity. 
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