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FOREWORD

The ACS Symrpostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADvANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

ALTHOUGH THIS BOOK WAS CONCEIVED as a result of a Symposium en-
titled “Calcium Regulation and Drug Design,” the topics presented at the
Symposium have undergone revision, expansion, and updating, and addi-
tional chapters from invited authors have been incorporated into the present
volume. This book, therefore, represents a collage of various topics involv-
ing the roles of calcium and calcium antagonists in health and disease.
Unlike other excellent recent books on calcium antagonists, the present
volume does not focus exclusively on the cardiovascular system, but covers
other systems as well. The emphasis is on basic science, although clinical
correlates are included wherever applicable. Numerous authorities in the
field have contributed their expertise in their respective areas to the
compilation of this book.

The opening chapter by Dr. Nayler attempts to create order from
chaos by presenting a rational classification of membrane calcium channel
blockers based upon their pharmacological effects on the cardiovascular
system. Dr. Triggle then provides an overview of structure—activity studies
with the calcium channel blockers, and emphasizes the chemical and
pharmacological heterogeneity of this class of compounds. The latter fact
provides a strong impetus for the adoption of the pharmacological classifi-
cation of calcium channel blockers proposed by Dr. Nayler. A comprehen-
sive review of the cardiovascular electrophysiological and hemodynamic
effects of the calcium channel blockers is presented by Dr. Muir. Dr.
Daniel and his colleagues provide insight into the role of calcium in the
regulation of vascular and nonvascular smooth muscle contractility, and
outline the methodological approaches for studying calcium fluxes, seques-
tration, and mobilization in smooth muscle.

While the first four chapters focus on the membrane calcium channels,
the next two explore the intracellular compartment. Dr. Brostrom and his
colleagues review present-day knowledge about the intracellular calcium
receptor, calmodulin, while the Editors contribute an update on the basic
and applied pharmacology of a novel class of intracellular calcium antag-
onists, the methylenedioxyindenes.

The roles of calcium and calcium antagonists in the central nervous
system are dealt with in the next two chapters. From Dr. Leong Way’s
laboratory comes an overview of the mechanism of interaction between
calcium and opioid alkaloids and peptides, while Dr. Ferrendelli reviews

ix
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the evidence for an inhibitory effect of certain antiepileptic drugs on
neuronal calcium conductance. Dr. Le Breton and his colleagues review
the relationship of cyclic nucleotides and calcium in platelet function, while
novel information on the salutary effects of the calcium antagonist nifedipine
in atherosclerosis is presented from Dr. Henry’s laboratory. Dr. Borowitz
and coworkers review the role of calcium and the modulating influence of
calcium antagonists on secretory systems.

We wish to acknowledge with gratitude the cooperation of the
participants in the Symposium and the contributors to this volume with
whom we had the distinct privilege of collaborating.

RALF G. RAHWAN
DoNALD T. WITIAK

The Ohio State University
College of Pharmacy
Columbus, OH

June 1982
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Calcium Antagonists:
Classification and Properties

WINIFRED G. NAYLER

University of Melbourne, Department of Medicine, Austin Hospital,
Heidelberg, Victoria, Australia

Calcium antagonists (slow channel blockers, slow
Cca2+ antagonists) are a heterogeneous group of sub-
stances with widely differing tissue specificities,
potency and properties. Some of them exhibit other
properties in addition to that of Ca2+ antagonism.
In general these drugs can be considered as a sub-
group of a much larger §roup of compounds which
impede the entry of ca? irrespective of the route
of entry. The 'slow channel blockers' can be sub-
divided on the basis of their differing tissue spec-
ificities. The purpose of this article is to
explore the possibility that a classification which
is based on differing tissue specificities may
reflect differing modes of action.

Verapamil, nifedipine and diltiazem (Figure 1) belong to a
relatively newly recognized group of drugs known collectively as
"calcium antagonists", (1) "slow channel inhibitors", (2) or
"calcium entry blockers" (3,4). Other substances which are now
thought to belong to this group include niludipine, nimodipine,
prenylamine, fendiline, caroverine, cinnarizine and perhexeline.
The possibility of using these and other closely related sub-
stances in the management of a variety of cardiovascular dis-
orders - including infarction, (5,6,7) arrhythmias, (8,9)
angina, (10,11) hypertension (12) and hypertrophic obstructive
cardiomyopathies (13) is now being considered. However the
"calcium antagonists" that are currently available for such use
differ from one another not only in terms of their chemistry,
bio-availability and stability, (1,14) but also in potency, (1,14)
tissue specificity and possibly in their precise mode of action
(15,16,17). Because no attempt has yet been made to subclassify
these drugs, the purpose of this article is to explore the problem
of providing a suitable classification. To do this it is necess-
ary to briefly discuss the physiological significance of the

0097-6156,/82/0201-0001$06.00/0
© 1982 American Chemical Society
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Figure 1. Structural formulas of some Ca* antagonists and their derivatives.
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"slow Ca2t current" (18) and the associated ion-selective chann-
els.

The Slow Ca2+ Current

+ .
The slow Ca2 current in heart muscle.

In normal heart muscle excitation involves the activation of
two distinct inward currents (19,20). The first of these currents
is carried by Nat and is recorded as the fast upstroke of the
action potential. The Na ions move across the cell membrane
through voltage-activated '"channels" that are highly, but not
totally, selective for Nat. The second inward current is carried
mainly (21,22), but not exclusively (23), by Ca2t. It is acti-
vated slowly, contributes to the plateau phase of the action
potential and is known as "the slow Ca?t current". The Ca ions
involved pass across the cell membrane through channels that are
highly selective for Ca2+. Like their Na‘t counterparts, the Ca2+-
selective channels are voltage activated but their threshold of
activation (about-55mV) is higher than that of the Nat channels
(-35mV). It is possible to envisage these '"channels" as being
pore-like structures in the plasmalemma, each pore having its own
set of "activation" and "inactivation" gates. In this analogy
voltage activation can be likened to the opening of '"gates' which
are closed during the resting state (24). Taking this hypothesis
one step further it can be argued that the normal opening and
closing of these '"gates'" involves voltage-dependent changes in the
configurational state of the membrane. This same argument applies
irrespective of whether the ion-selective 'channels" are 'pore-
like" structures or a particular combination or organization of
the membrane proteolipids that facilitates the inward movement of
certain ions. Within this framework drugs which interact with the
cell membrane may alter the configurational state of the membrane,
thereby altering the ion selectivity or responsiveness of the
"'gated" channels and proteolipid complexes.

2+ - . .
The slow Ca current and excitation-contraction coupling.

The slow Ca2+ current accounts for the entry into the cytosol
of between 5 and 10 umoles Ca2t/kg heart weight/beat (25). This
is approximately one tenth of the Ca2* needed to activate con-
traction (26). Probably the Ca ions that enter as the main charge
carriers for _the slow current serve as a trigger for the mobili-
zation of Ca?t from the intracellular stores (27,28). However,
since the magnitude of the mechanical response varies according
to the extracellular concentration of Ca2t (29) it is probably the
current-carrying Ca ions of the slow inward current which deter-
mine the amount of Ca2t mobilized for interaction with the myo-
filaments. In other words, the Ca2t-induced ' 'trigger" release of
Ca2t from the intracellular storage sites simply provides an
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internal amplification factor. Skeletal muscle differs from
cardiac muscle in that it mobilizes all the Ca2t it requires for
excitation-contraction coupling directly from its own intra-
cellular stores.

The slow Ca2+ current in smooth muscle, nodal and conducting
tissues.

The occurrence of "Ca2+-selective", voltage activated

"channels" is not limited to the myocardium. They occur in most
smooth muscle cells - including those in the coronary, cerebral
and peripheral vasculature (30). The normal activity of pace-
maker, nodal and conducting tissues (31) is also largely dependent
upon them. Because of their widespread distribution it follows
that substances which affect the functioning of these channels
will have a profound effect on the circulation. By contrast,
skeletal muscle is relatively unaffected (32).

+
Specificity of slow channels for Ca2 .

Although Ca2+ is the main current carrying ion for the slow
inward current part of the current is carried bg Na*t (23).
Certain divalent cations, including Ba2t and Srét, can substitute
for Ca2* as the main charge carrier (33). Others, including Ni +,
Co2*, and Mn2* are inhibitory (34).

The Identification of Ca2+—antagonists

Techniques which are currently being used to identify sub-
stances that alter slow channel transport involve measurements of
the height and duration of the action potential, monitoring the
rate of uptake of radioactively labelled Ca +, and electro-
physiological techniques that involve suppression of the fast Nat
current. Use of these techniques is based on the tacit assump-
tion that the drugs we are dealing with act only on the slow
channels. Later in this chapter we will summarize the data which
suggests that such an assumption may no longer be justified. For
the moment, however, it is pertinent to work within this frame-
work.

(a) Height and duration of the action potential.

To illustrate the use of changes in the configuration of the
action potential to establish the presence or absence of
"Ca2+t antagonism' we will concentrate on the cardiac action poten-
tial. The currents which contribute to the height and duration
of the cardiac action potential are complex (20). 1In addition to
the inward currents already referred to there are at least two
and possibly three outward (35) Kt currents. Accordingly, unless
a substance is specific for only the inward Ca + current studies
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which depend upon the monitoring of changes in the height and
duration of the action potential are not particularly helpful in
identifying either inhibitors or activators of slow channel trans-
port. This difficulty is further compounded by the fact that the
subsarcolemmal concentration of Ca2t influences the outward K
currents, (35) and hence the shape and duration of the action
potential.

(b) Isotopic Techniques

The use of radioactively labelled Ca2+ to monitor changes in
the magnitude and duration of the slow Ca2* current is also diffi-
cult, partly because of the small amounts of ca2t that are
involved. When considered on a beat to beat basis the Ca?t that
enters heart muscle cells by way of the slow ca2t current repre-
sents less than 2 percent of the total tissue ca2t and if, as
seems probable, this small component is rapidly recycled to the
exterior its accurate detection during the time course of the
action potential presents substantial technical difficulties.
There is, however, another and more serious objection to the use
of labelled Ca2* for this purpose. This difficulty centres around
the fact that Ca2+ can enter the myocardium and other excitable
cells through several different routes - including in exchange for
Nat, by passive diffusion, and (Figure 2) in exchange for Kt.
Consequently even if the uptake of radioactively labelled Ca2+ is
reduced there can be no certainty that the particular route of
entry that is being affected is "the slow channels".

(c) Electrophysiological techniques

These involve the use of techniques to suppress the fast
inward Nat current. Either a voltage can be applied so that the
transmembrane potential difference is clamped above the level at
which the Nat current is activated, (36) or tetrodotoxin (37) -
which specifically inhibits the Na® current, can be added, or the
membrane can be depolarized by raising the external Kt (38,39).
Under each of these conditions the slow inward current can be
activated by adding aminophylline or isoproterenol, (39) and by
electrical stimulation.

Substances That Alter Slow Channel Transport

Theoretically, substances or interventions that alter slow
channel transport may do so in a variety of ways:-

(a) they may alter the amount of Ca2t which is available to act
as the charge carrier;

(b) they may, by interacting with the cell surface, evoke a con-
figurational change which either facilitates or impedes the
approach of ca?* to the channels; alternatively -

(c) the configurational change in the membrane may induce a
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change in the Ca2+—carrying capacity of each channel; or -

(d) the number of channels that are operative at any given time
may be affected. This could be achieved by altering the threshold
of activation, changing the kinetics of channel activation and/or
recovery, by facilitating the formation of ''de novo" channels or
by activating '"sleeping" channels.

Activators of slow channel transport.

The catecholamines, including norepinephrine, epinephrine and
isoproterenol augment the slow Ca current (39,40). They do this
by increasing the number of channels that are activated at a
given voltage, without affecting the rate of channel activation
or deactivation (40). Cyclic AMP has the same effect (41). This
ability of the catecholamines to recruit new channels may indicate
the existence of a heterogenous population of voltage-activated
channels, one population being under cyclic AMP control. Alter-
natively there may be several different states of activation for
each channel. Irrespective of which, if either, of these alter-
natives is correct, it follows that the amount of slow channel
activity that is available at any one moment is influenced by
the circulating level of catecholamine. The recent discovery of
'calciductin', a protein that appears to be associated with the
slow channels and which can be phosphorylated by a cyclic AMP-
dependent pathway points towards the possibility of heterogeneity
within the channels. There are other reasons for believing that
the channels themselves must be heterogenous. Thus, for example,
the drugs we are discussing have no inhibitory effect on the
ca?t —-dependent excitation-induced release of norepinephrine from
the sympathetic nerve terminals.

Inhibitors of slow channel transport.

Many substances inhibit slow channel transgort. In addition
to the divalent cations already cited (Mn2t + and Ni2t),
protons, La3+, the metabolic inhibitors cyanide and dinitrophenol,
are effective inhibitors (24). Other inhibitory agents include
acetylcholine, (42) papaverine, (43) pentobarbital, lidoflazine,
(44) and adenosine (45) as well as verapamil, nifedipine and
diltiazem (1). Precisely how many of these substances interfere
with slow channel transport is unknown, although in the case of
the metabolic inhibitors we can probably account for their effect
in terms of the energy requirements (24) needed for maintaining
the configurational state of the cell membrane compatible with

the maintenance of normal slow channel ultrastructure.

Classification of Slow Channel Blockers (or Antagonists)

Fleckenstein (1) originally classed some of the substances
listed in Table I as "calcium antagonists'" on the basis of two
requirements:
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Figure 2. Schematic representation of possible routes of Ca* entry into a
myocardial cell.

Table I: Substances Classed as Ca2+ Antagonists

References
Verapamil 1
methoxyverapamil 1
(D-600)
prenylamine 1
nifedipine 1
lidoflazine 44
nimodipine 52,53
diltiazem 1
bepridil 68
caroverine 70
niludipine 53

fendiline 1
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(a) the predominant characteristic of these substances is their
ability to inhibit the slow Ca2+ current; and 2
(b) this inhibition could be overcome by adding Ca

These criteria still apply. However, the continued unquali-
fied use of the term "calcium antagonist" requires reappraisal
because of its lack of specificity with respect to the site and
precise mode of drug action. Thus "calcium antagonism" can be
expressed at a variety of sites, including the cell membrane, the
myofibrils, the sarcoplasmic reticulum and the mitochondria. When
used in therapeutic concentrations, however, the drugs we are
discussing express their '"calcium antagonistic' properties at
only one site - the cell membrane. Even at the cell membrane
there are other ways in which substances can interfere with trans-
membrane Ca?% movements - apart from the entry of ca2t through
the voltage-activated "channels'". Possibly, therefore, there is
some merit in considering drugs of the type shown in Table I as
being a subgroup of a much larger group of drugs which, for want
of a better term, may be called "CaZ*-entry blockers" or "CaZ+-
entry antagonists' (34). This group of drugs - "the Ca2+ entry
blockers" or "Ca“'-entry antagonists' (Figure 3) would include
any drug which impedes the inward movement of Ca2+, irrespective
of the route of entry. The known routes of caZt entry into
cardiac and smooth muscle cells include by passive diffusion, in
exchange for Nat, in exchange for K+, and through the voltage-
activated, ion selective channels we have been discussing. As
far as cardiac and smooth muscle cells are concerned4 therefore
it is possible that four different sub groups of Ca“ -entry
blockers (or antagonists) will ultimately become available. How-
ever, the drugs which are currently available are specific only
for the subgroup that involves the influx of Ca2* through the
voltage activated, ion selective channels. Since these channels
are slowly activated relative to the channels that selectively
facilitate the rapid influx of Nat during the fast upstroke phase
of the action potential it may be more appropriate to refer to
these substances as "inhibitors of slow channel transport". An
alternative term - "Ca2t channel blocker" has already appeared in
the literature but may be inapprogriate because the slow channels
are not totally selective for ca’*, They also admit some Nat and
the resultant "slow" Nat-dependent current is blocked by some of
the currently available antagonists, including verapamil and
methoxy verapamil (23). Presumably as new Ca + entry blocking
drugs are developed substances that specifically inhibit the
influx of ca?t through routes of entry other than the slow
channels will become available. For example, substances that
specifically inhibit the entry of Ca2* in exchange for Nat or k*
may be developed. Such substances could be of clinical impor-
tance because these other routes of Cal+t entry may be involved
(43) in the massive influx of Ca2* that occurs (46) when flow is
re-introduced to a previously ischaemic zone - as may occur, for
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example, when coronary vasospasm is relieved, a thrombus is diss-
olved or removed, or revascularization takes place.

Subclassification

Substances which inhibit slow channel transport can be con-
veniently subdivided into two major subgroups, on the basis of
their chemistry. Thus there are the inorganic (Co2+, Mn2t, La3t)
and the organic inhibitors. The organic inhibitors can be further
subdivided into three main classes, on the basis of their tissue
specificity. According to this scheme drugs which predominately
affect slow channel activity in the myocardium - example vera-
pamil, can be classed as having strong Class I activity (47).

Class II could include those drugs which are most effective in

blocking slow channel transport in vascular smooth muscle. Nifed-
ipine would provide the prototype for this subgroup (47).

Class III would include those substances which are most potent in

blocking slow channel transport in pacemaker, nodal and conducting
tissues. Verapamil, therefore would have strong Class III acti-
vity, (8) whereas nifedipine would have only weak Class III acti-
vity (48,49). Diltiazem (1l1) exhibits strong Class II activity
(50,51). These relative activities are summarized in Table II.
Working from such a classification it is relatively easy to deter-
mine which particular slow channel blocker should be selected for
use in a particular situation. For example, because of its strong
Class III activity verapamil is the drug of choice if it is the
Cca2t currents in nodal, pacemaker or conducting tissues that are
to be suppressed. On the other hand nifedipine may be the drug

of choice for relieving coronary artery spasm — an activity which
would reflect its strong Class II activity.

Class II drugs can be further subdivided into at least three
subgroups (Figure 3). For example the effect of diltiazem on the
slow channels is more marked in the smooth muscle cells of the
coronary (51) than the peripheral vasculature. Nimodipine (52)
acts preferentially on slow channel transport in the cerebral
vessels, where it blocks thromboxane-induced contractions (53).

By contrast, lidoflazine is more potent in the periphery. Even
within the coronary circulation there is room for further sub-
classification according to whether it is the small or large
vessels (Figure 3) that are being affected (45). For example,
adenosine, which is a relatively weak Ca2+ entry blocker, acts on
smooth muscle cells in the small coronary arteries, whereas dilt-
iazem and nifedipine act preferentially on the large vessels.

Why the various organic inhibitors differ with respect to
their preferred site of action is unknown. Is it because of
their different chemical structure? Or are the slow Ca?t chann-
els themselves tissue specific? Some substances - eg. pento-
barbitone and adenosine, which are relatively weak slow channel
blockers do not display tissue specificity with respect to their
ca2t antagonism. Indeed in these substances it is questionable
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Ca2" Entry Blockers /Antagonists
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Inorganic  Organic
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myocardium vasculature conducting +
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>
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peripheral coronary cerebral

)
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Figure 3. Proposed subdivision of Ca*-entry blocking drugs.

Table I1: Subdivision of Slow Channel Inhibitors

Class Slow Channel Inhibitor
Verapamil Nifedipine Diltiazem Lidoflazine

I strong weak weak absent

II weak strong strong strong

III strong absent weak absent
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whether, because of their non-specificity, these substances should
be classified as slow channel blockers.

Site and Mode of Action.

In the classification shown in Figure 3 the organic and
inorganic inhibitors of slow channel transport have been grouped
together as subgroups of a common type of caZt entry blocker.
This does not mean that they have a common site of action. For
instance, the inorganic inhibitors - Mn2+, Ni2+and Co2+ - act at
the outer surface of the cell membrane, where they compete with
ca?t for binding sites (34,54). By contrast the organic inhibi-
tors - eg. verapamil, D-600 appear to act at the cytosolic
surface (éé)ég). Even the organic inhibitors differ in their
precise mode of action. For example, nifedipine (46) reduces the
number of channels that are operational at a given time without
altering the kinetics of channel activation or inactivation,
whereas verapamil (17) alters the kinetics of channel reactiva-
tion so that recovery is delayed after a prior period of acti-
vity. Possibly this effect of verapamil is associated with its
ability to displace Ca2+ from superficially located binding
sites (47).

Theoretically it should be possible to classify the slow
channel blockers according to whether or not they affect the
kinetics of slow channel transport. In this way we could readily
separate the nifedipine type of drugs from those that are more
like verapamil. Alternatively can these drugs be subgrouped
according to their chemistry? This possibility seems to be
remote. Thus diltiazem is a benzothiazepine derivative (Figure 1),
nifedipine is derived from dihydropyridine whilst verapamil has
some structural features in common with papaverine.

Structure activity relationships are available for verapamil
and nifedipine but not, as yet, for diltiazem.

The activity of verapamil as a slow channel inhibitor depends
upon the presence of the two benzene rings and the tertiary amino
nitrogen. Loss of the tertiary amino nitrogen - as occurs, for
example, upon quarternization, results in a total loss of acti-
vity, whilst substitutions within the benzene rings result in a
decreased potency. There are several ways of interpreting this
data. The tertiary amino nitrogen may be acting as an essential
"spacer unit", ensuring that the distance between the two aromatic
rings is optimal for '"receptor" occupancy. Alternatively perman-
ent ionization of the nitrogen, as occurs upon quarternization,
may result in the molecule being unable to penetrate into the
membrane. Now if, as seems likely, the binding site for verapamil
is located at or near the cytosolic surface of the membrane perm-
anent ionization could prevent the molecule from reaching its
binding site, thus rendering it inactive.

Like verapamil, nifedipine contains two aromatic rings
(Figure 1), but this seems to be the only property shared by these
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two molecules. In the case of nifedipine substitutions at the
ester position of the N-heterocyclic ring that increase its lipid
solubility decrease its potency as a slow channel inhibitor. A
low lipid solubility, therefore, must be of some importance. In
addition, and although the presence of the NO2 group at the ortho
position is not essential, substitutions at the ortho, meta or
para positions of the benzene ring result in a decreased activity,
particularly if electron donating or electron withdrawing radicles
are added, or if long side arms are introduced. It seems likely,
therefore, that so far as nifedipine is concerned low lipid solu-
bility and its steric configuration are both important.

+ .
The heterogeneity of the Ca2 antagonists.

+
We have already mentioned the possibility of the Ca2

channels being heterogeneous. There is increasing evidence that
the heterogeneity of the slow channel blockers may extend beyond
their chemistry to their precise mode of action. Thus whilst
Fleckenstein's original recognition of these compounds was based
on their ability to inhibit slow channel transport in the myo-
cardium the potency of the vasodilator activity which some of
these substances exert may involve more than slow channel inhi-
bition. Indeed it is always pertinent to remember that the inhi-
bitory effect of these substances on membrane activity in smooth
muscle cells has always relied upon the presence of an abnormal
extracellular ionic environment - usually a raised kt. Data is
beginning to accumulate now which indicates that some of these
substances - including cinnarizine, flunarizine, fendiline (57),
and felodipine (58) may interact with calmodulin to reduce its
ca2t binding activity. Since the interaction of the calmodulin
-ca2t complex with myosin light chain kinase plays an important
role in determining the contractile state of smooth muscle cells,
this intracellular action may account, in part at least, for the
greater sensitivity which some of these drugs exhibit for smooth
muscle cells - that is these highly potent vasodilators may inter-
act with the Ca2%-calmodulin complex as well as inhibiting slow
channel transport. This is an intriguing possibility and it may
provide the basis for the division of these substances as shown in
Figure 3. Thus Class II compounds could be those which act pre-
dominately within the cell, whereas Class I compounds could
include those which act predominately on the voltage activated
slow channels. An intracellular site of action need not be limi-
ted to an effect on the Ca2+-binding activity of calmodulin. Thus
there is some evidence to support the possibility that diltiazem
which, because of its powerful coronary vasodilator activity (59)
would be included in the Class II subdivision of the slow channel
blockers, inhibits the release of Ca2t from intracellular storage
sites in smooth muscle cells (60).

How then can we account for the Class III (Figure 3) com-
pounds? To do this we may have to take into account yet another
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property of these compounds - that is the ability of some of them,
including verapamil and diltiazem (59) to interfere with the fast
Nat channels. This is an activity which is expressed at relati-
vely high dose levels but which is absent from those compounds
(nifedipine, niludipine and nimodipine) which exhibit strong
Class II but no Class III (Figure 3) activity.

Other Properties of Slow Channel Blockers

Although suppression of the voltage-activated inward dis-
placement of ca?t is undoubtedly the most widely discussed pro-
perty of the substances listed in Table I, some of these drugs
exhibit other properties that may be of clinical relevance. For
example verapamil (61,62) and nifedipine bind to o receptors in
brain, neuroblastomaglioma hybrid (63) and cardiac muscle cells
(64). Verapamil and methoxyverapamil also bind fairly tightly
to muscarinic receptors (65). Verapamil and D-600 have an inhi-
bitory effect on Nat and k¥ conductance, (23,63) an effect which
apparently is not shared by nifedipine. Diltiazem slows the
release of Ca2* from smooth muscle sarcoplasmic reticulum (66) .
As far as the circulation is concerned, however, these other
properties of the slow channel blockers are probably insignificant
when compared with their inhibitory effect on slow channel and
possibly on calmodulin-Ca2t binding activity.

The Identification of Ca2+—Antagonist Binding Sites

Possibly, and in the very near future, we may be able to
subdivide the Caz+—entry blockers in terms of their interaction
with specific membranes-located binding sites. Thus, in a recent
study (67) highly specific binding sites have been identified in
rabbit cardiac homogenates for H3-labelled nifedipine. Other Calt
entry blockers have been found to compete with 3H-nifedipine for
these binding sites, the order of potency being nifedipine
>> D-600 = verapamil > cinnarizine. Interestingly, diltiazem
and perhexeline were found not to inhibit 3 nifedipine binding.
Thus there is now good reason for believing that it is not only
the slow Ca2t channels themselves which are heterogeneous: the
drugs which we now believe to interact with them are also heter-
ogeneous not only in their chemistry, but also in their mode of
action. As might have been expected substances with ca?* anta-
gonist properties are now being isolated from some of the tradi-
tional herbal cures - one such is 'tanshinone', an effective anti-
anginal compound that has been isolated from the roots of Salvia
miltiorrhiza Bunge used as Dan Shen in traditional Chinese
medicine (69).
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Conclusion

The currently available slow channel inhibitors (or Ca2+
antagonists) can be conveniently classed as a subgroup of a large
group of compounds which block the entry of ca?* into cells.
Within this subgroup further subclassification is possible, based
on tissue specificity. Whilst such a classification does not
explain why these substances differ with respect to their tissue
specificity, it provides a useful framework for comparing their
different modes of action.
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Chemical Pharmacology of Calcium Antagonists

D. J. TRIGGLE
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Biochemical Pharmacology, Buffalo, NY 14260

The comparative chemical pharmacology of a
structurally diverse group of Ca2+ antagonists in-
cluding verapamil/D600, diltiazem, nifedipine,
cinnarizine, flunarizine and lidoflazine is re-
viewed. These agents, the Ca2+-channel antagon-
ists or Ca+ entry blockers, appear to function
by blocking Ca2+ entry through defined Ca2+
channels of the plasma membrane. The existence of
structure-activity relationships, particularly for
the verapamil/D600 and the nifedipine 1,4-dihydro-
pyridine series,including stereoselectivity of
action in smooth and cardiac muscle preparations
is consistent with specific loci of action. Although
these loci remain to be defined much evidence,in-
cluding the demonstration of specific binding of
3H—nitrendipine (a nifedipine analog) to smooth
and cardiac muscle membranes,is indicative of a
membrane site of action. Consistent with their
chemical heterogeneity, the pharmacologic proper-
ties of these compounds are not uniform which
suggests that a multiplicity of sites and mechan-
isms of action exist to impede Ca2+ entry. Of par-
ticular importance in this respect is the existence
of tissue selectivity.

The group of compounds variously referred to as Ca2+
antagonists, Ca2+ channel , slow channel or Cal+ entry blockers
has achieved considerable pharmacologic and therapeutic atten-
tion. This group of compounds which includes verapamil, diltia-
zem, and nifedipine (Fig. 1) amongst its most prominent members
was linked to Ca2+ metabolism in the pioneering work of Flecken-
stein who showed that these agents mimicked in many respects
the effects of Ca2+ withdrawal in smooth and cardiac muscle and
represented a new pharmacologic approach to the control of ex-
citation-contraction coupling in these tissues (1-3). Amongst
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Figure 1. Structural formulas of some Ca?* antagonists.
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the actual and potential therapeutic uses of these agents may

be noted coronary vasodilation, cardiac arrhythmias, obstructive
cardiomyopathies, hypertension, vasospastic disorders and myo-
cardial preservation (4-6). Several recent reviews are available
(4-9).

An understanding of the mechanism(s) of action of the Ca2+
channel antagonists must be set against the broader perspective
of cellular Ca2+ regulation. In the resting cell the free intra-
cellular Ca?* level is maintained at <10-TM and during stimula-
tion it may rise to 10=7 - 10=5M. The function of Ca2+ is to in-
teract with Ca2+ binding proteins within the cell, including
troponin-C and calmodulin, which serve to confer Ca?+ sensi-
tivity to mechanical, secretory and enzymatic processes (10-12).
Since there exists a very large driving force for Ca2+ entry into
the cell, there must exist specific Ca2+ entry, exit, Dbinding
and sequestration mechanisms. These are shown in schematic form
in Figure 2. The existence of these multiple sites serving to
regulate Ca2+ concentration and function suggests that there may
exist a corresponding multiplicity of agents serving to inhibit
Ca%+ function (9,13,14). There is no lack of compounds possessing
some degree of Cazz-antagonistic properties, although often
secondary to other and better defined activities, and in only a
few instances have the sites of CaZ+-antagonist action been de-
lineated.

A somewhat hetergenous group of compounds including tri-
fluoperazine and some related antipsychotic agents, N-6-amino-
hexyl)-5-chloro-1-naphthalene sulfonamide (W-7) and local anes-
thetics function as calmodulin antagonists, apparently by inter-
acting with a hydrophobic region on calmodulin exposed in the
Ca2+-calmodulin complex (15-17). It is clear, however, that many
of these calmodulin antagonists exert other and better defined
pharmacological actions at concentrations lower than those at
which they inhibit calmodulin function. o4

The second major group of compounds, the Ca " -channel an-
tagonists or Ca2+ entry blockers, are also a structurally hetero-
genous group of compounds and appear to function primarily by in-
hibiting Ca2+ uptake through defined pathways in the plasma mem-
brane. These compounds will form the major focus of this chapter.
Special, but not exclusive, emphasis will be placed on their in-
teractions in smooth muscle.

Ca2+ Channels and Ca2+ Entry Processes

Ca2+ mobilized in response to membrane stimuli is derived
from either intra- or extracellular sources (Figure 2). Membrane
Ca2+ channels mediating Ca2+ entry have been classified into two
major types (18-20). Receptor-operated channels (ROC, Figure 2)
are associated with membrane receptors and are activated by spe-
cific agonist-receptor interactions, whilst potential-dependent
channels (PDC, Figure 2) are activated by membrane depolariza-
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Figure 2. Schematic representation of cellular Ca* regulation.

In addition to a “leak pathway” (not shown), Ga®* can enter the cell through several
discrete channels as a minor component through the Na' channels and through the
potential dependent (PDC) and receptor operated (ROC) Ca?®* channels. Ca® may also
be released in response to a membrane signal from an intracellular Ca?* store (Ca®"ist).
Intracellular Ca?* levels are regulated through the operation of membrane pumps, includ-
ing Ca®*-ATPase and a Na*:Ca®* exchange process. Additionally, intracellular organelles
including mitochondria and sarcoplasmic reticulum can both sequestrate and release Ca®".
The functions of intracellular Ca** are mediated through Ca?®"-binding proteins, a homol-
ogous group of proteins including calmodulin (CM) shown in cytosolic and membrane-
associated states.
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tion. Thus a solely depolarizing signal (elevated K+ ) will
activate only the PDC population whilst a chemical signal may
activate ROC and PDC populations and can mobilize intracellular
Ca2+, The relative importance of these processes will be both
tissue- and receptor-dependent.

The potential-dependent Ca2+ channels can be distinguished
from other cation permeant channels by a variety of criteria in-
cluding ion selectivity, voltage characteristics and pharmacolog-
ic sensitivity. The Ca2+ channel antagonists (Figure 1) exert
their actions primarily at the potential-dependent Ca2+ channel.
Electrophysiologic studies, almost exclusively in cardiac tissue,
have demonstrated the ability of these agents to inhibit the slow
inward (plateau) Ca2+ current (1-3,19,21). It is to be empha-
sized, however, that the sites of action of these agents remain
to be defined precisely, that electrophysiologic studies are not
available for most smooth muscle preparations and that the com-
pounds are heterogeneous in both structure and activity. The
term Ca2+ entry blockers may be preferable since it avoids any
specific definition of site of action.

These agents are potent antagonists of K*-induced re-
sponses in smooth muscle and are similarly effective against
some agonist-induced responses (Table 1). Furthermore, their
antagonist activity is dependent upon the level of extracellular
Ca2+, a competitive relationship having been described in some
systems (13,19,22,23) and they have been shown to inhibit Ca2+
uptake into a number of smooth muscles at the same concentration
ranges at which they inhibit mechanical responses (9,13,24-26).
These studies indicate that the Ca2+ entry blockers, including
verapamil, D600, nifedipine, diltiazem and cinnarizine are po-
tent antagonists of Cal+ movements through one class of Ca2+
channels. These studies alone, however, indicate neither the
sites nor the mechanisms of action of these compounds.

Structure-Activity Relationships and Sites of Action

A particularly obvious characteristic of the Ca2+ entry
blockers is their diversity of structure. This diversity makes it
quite unlikely that a single inclusive structure-activity rela-
tionship exists for this class of compounds. Consequently it is
probable that there exist multiple modes and sites of action
(9,13,14,31).

Some aspects of the pharmacologic activity of these com-
pounds are quite consistent with this conclusion. The negative
inotropic and Cal*-current blocking properties of verapamil and
D600 are frequency- and voltage-dependent (32-35). Potency in-
creases with increasing frequency of stimulation of cardiac
tissue. One explanation of such findings is that verapamil and
D600 preferentially block the Ca2+ channel subsequent to its
activation. Activity is also dependent upon membrane potential,
increasing with decreasing membrane potential (less negative)
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and verapamil and D600 impede the voltage-dependent recovery

of the Ca2+ channel from inactivation. Thus, blockade of Ca2+
channel function by verapamil or D600 is a state-dependent pro-
cess, removal of blockade occurring most rapidly from the resting
channel state.

Similar conclusions have been advanced previously to accomo-
date the voltage-dependent inhibition of Na* channels by local
anesthetics (36,37). In contrast, nifedipine lacks almost com-
pletely such behaviour suggesting a major difference in behaviour
to that of verapamil/D600 (38,40).

The extent to which the above conclusions may extend to
smooth muscle is not clear. However, a "use-dependence" of flun-
arizine action has been described in depolarized vascular smooth
muscle (41,42).

As yet there are few quantitative structure-activity
studies for the Ca2+ channel antagonists. However, qualitative
indices of structure-function dependence are available, particu-
larly for the 1,4-dihydropryidines of the nifedipine class where,
because of the comparative ease of synthesis (43), a large number
of analogs are available.

The general structural requirements for activity in the
1,4-dihydropyridine series are shown in Figure 3. Quite generally
the following observations hold (43-49):

1. N-1 of the 1,4-dihydropyridine ring must be unsatur-
ated (R® = H). > 6

2. The 2,6-substituents (R°,R°) of the 1,4-dihydropyridine
ring should be lower alkyl groups, although one NHp
group appears to be acceptable.

3. Ester functions (R3,R5) are optimum for the 3- and 5-
positions of the 1,4-dihydropyridine ring. Replacement
by other groups including -CN or -COMe leads to sub-
stantial loss of activity. However, there is consider-
able tolerance for the nature of the ester functions,
quite bulky groups maintaining or even increasing
activity relative to the carbomethoxy functions of
nifedipine. y

4. An aryl substituent (R'), preferably substituted
phenyl, appears optimum in the U4-position of the 1,4i-
dihydropyridine ring. The position of the substituent
in the phenyl ring is quite critical: 4'-substitution
is invariably highly detrimental, whereas 2'- and 3'-
substitutions increase activity.

5. The 1,4-dihydropyridine ring is essential. Conversion
to the oxidized pyridine or the fully reduced piperidine
structures abolishes activity.

It is of interest that similar structural requirements
appear to hold for vasodilation, negative inotropic activity and
smooth muscle relaxation. This suggests a qualitative similarity
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TABLE I Ca+-Channel Antagonist

in Smooth Muscle Preparations

SYSTEM ANTAGONIST
Rabbit aorta NE Verapamil
K" Verapamil
Canine trachea ACh Verapamil
+ .
K Verapamil
Rabbit saphenous 5-HT Nimodipine
artery +
K Nimodipine
Rabbit basilar 5-HT Nimodipine
artery +
K Nimodipine
Canine coronary NE D600
k* D600
G.P. ileum ACh Nifedipine
+ . L.
K Nifedipine

Activities
9, 13)

M
ID50’

1.2 x 107"

2.7 x 10'8

> 107"

<< 10‘“

> 2 x 1072

2.5 x 10710

7.3 x 10~ 10

1.7 x 10719

5 x 1077

2 x 1077

5.1 x 1079

3.4 x 1077

23

Ref'.

27

28

29

29

30

26

Figure 3. Structural requirements for activity in the 1,4-dihydropyridine series.

See text for further details.
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of the sites of 1,U4-dihydropyridine interaction in these several
preparations.

A quantitative structure-activity relationship for the
negative inotropic activity of a small series of 1,4-dihydro-
pyridines has been developed (47). For 2,6-dimethyl-3,5-dicarbo-
methoxy-U4-(substituted phenyl)-1,4-dihydropyridines the effect
of the phenyl substituent is determined primarily by steric
effects. Thus, for ortho-substituted derivatives,

log 1 = 5.06 + 0.80 B

- 1

50 (n = 8, r = 0.91)

where B, is the minimum width of the substituent.

The importance of steric factors in determining the activity
of 1,4-dihydropyridines is also suggested from the solid state
structures of a series of 1,U4-dihydropyridines (50,51). The U-
phenyl ring in these compounds (I) is oriented approximately bi-
secting the 1,4-dihydropyridine ring and the latter deviates
from planarity, Nqi and Cy forming the apices of a boat conforma-
tion. A good correlation exists between the planarity of the 1,4-
dihydropyridine ring and pharmacologic activity (Fig. 4), such
that activity decreases with decreasing ring planarity.

In the dihydropyridine class it is also evident that the
ester functions at C3 and C; of the 1,l4-dihydropyridine ring are
an important determinant of activity. Rodenkirchen et al (47),
studying a limited series of compounds producing negative ino-
tropic effects in cardiac muscle, suggested that activity de-
creases with increasing size of lipophilicity of the ester func-
tion. However, other studies (48,49) have shown that bulky ester
substitutions maintain or even increase activity in smooth muscle
preparations (Table 2).

Structure-activity data are quite restricted for other
classes of Ca2+ channel antagonists. For a limited series of
verapamil derivatives carrying ring substituents (II), negative
inotropic activity depends upon both electronic and steric
properties of the substituent (52,53),

log 1 = 0.93 F - 0.59 MR
EC

50 (n =13, r = 0.82)

substituents reducing electron density by an inductive mechan-
ism increase activity. Inductive effects will be more powerful
for meta than for para-substituents, hence D600 is more potent
than verapamil.

The existence of such structure-activity relationships
is consistent with a specific, rather than a non-specific, site
of action. Additional support is provided by the stereoselectiv-
ity of action exhibited by verapamil/D600 and by several agents
of the 1,4-dihydropyridine class.
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Figure 4. Relationship between relative pharmacologic activity (muscarinic-

induced Ca*-dependent responses of guinea pig ileal longitudinal muscle; nifedipine,

2-NO, = 100) and degree of ring puckering, 3:° (defined as the sum of the absolute

values of the six ring torsion angles) for a series of 1,4-dihydropyridines. Data
from Ref. 51.
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TABLE II Pharmacologic Activities of
Ester-Substituted Analogs of Nifedipine (63,6U4)

X
R'00C COOR
l l System IDSO’ M
Me N Me
H G.P. ileum Rabbit aorta
Ba* K* K*
X R R
2-NO,  Me Me 1.4 x 10'8 2.6 x 1000 8.1x 1079
(Nifedipine)
3-NO, Me Me 2.3 x 10'8 8.9 x 10710 -
-10
3-NO,  Me Et - 4.6 x 10 -
(Nitrendipine)
3-NO,  Me CH, CHMe - 3.9 x 10710 -
(NisGldipine)
3-NO CHMe, CH_CH,OMe - y.2 x 10710 -
2 (Nim6dipine)
9 -10

3-NO Me CHMez(-) 1.5 x 107 - 5 x 10
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Stereoselectivity of verapamil and D600 actions has
been reported for both cardiac and smooth muscle. The S (-)
enantiomers are the more potent negative inotropic agents, Ca
current antagonists and smooth muscle relaxants (9,13,54-58). Al-
though the ratios reported vary considerably (Table 3), stereo-
selectivity is seen consistently in the inhibition of Cal*-
dependent events and quite generally is absent in non-Ca2+
events (58,60). Stereoselectivity has also been reported for 1,4~
dihydropyridines bearing non-identical ester substituents at the
3- and 5-positions (Table U4).

Although structure-activity data provide evidence for
specificity of action, they do not define the sites of action of
the Ca2+ antagonists. Increasing evidence points, however, to a
membrane locus of action. D-600 and diltiazem have been shown to
be ineffective in skinned cardiac and smooth muscles (19,65),
compatible with a plasma membrane site of action. Consistent
with this, high concentrations of Ca?* channel antagonists are
necessary to inhibit intracellular Ca®* movements (9,13,66,67).
Additional evidence for a plasma membrane site of action comes
from recent studies describing the specific binding of 3H-nitren-
dipine (2,6-dimethyl-3-carbomethoxy-5-carboethoxy-4-(3-nitro-
phenyl)-1,4-dihydropyridine) to cardiac and smooth muscle mem-
branes (68-70). Binding is saturable, reversible and a good cor-
relation exists between the Ca2+-antagonist activities of a
series of 1,4-dihydropyridines and their ability to compete with
3H-nitrendipine binding (Figure 5). These studies indicate very
clearly that the binding site for nitrendipine is that at which
pharmacological response is controlled. However, the specific
nature of this site remains to be determined.

2+

Selectivity of Action

The Ca2+-entry blockers are heterogeneous with respect
both to structure and pharmacologic activity. They differ sub-
stantially with respect to their cardiac depressant and vaso-
dilatory properties, their activities on different vascular
tissues or beds, their onset times and durations of action,
their use dependence, the extent to which they inhibit stimulus-
secretion coupling processes and tae extent to which they show
antagonism of events other than Ca * entry (9,13,19,71,72).
These differences suggest selectivity of action, although it is
likely that such selectivity has several origins.

The data of Table 1 reveal very clearly that some tissues
(aorta, trachea) show a clear distinction in sensitivity be-
tween agonist- and K*-induced responses whilst other tissues
(ileum) show equisensitivity of K*-and agonist-induced responses.
Similarly, marked differences in sensitivity to responses in-
duced by the same agonist in different tissues are found (5-HT
responses of rabbit saphenous and basilar arteries).
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TABLE III Stereoselectivity of Verapamil
and D600 Action

SYSTEM Verapamil D600 Ref.
Ratio Ratio
CARDIAC MUSCLE (=) + (+) (=) : (+)
Canine heart, A.V. block 10 55
negative chronotropic 3 55
Cat heart, papillary muscle 10 100 56-58
Dog heart, negative inotropic 15
negative chronotropic 5 59

SMOOTH MUSCLE

Guinea-pig ileum, ACh 180 60

ca®* /K" 10 60
Rat portal vein, NE 25 60
Rat vas deferens, Ca2+/K+ Lo 60

Rabbit aorta, Ca°’/k* 10 60 61
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TABLE IV Stereoselectivity of
1,4=Dihydropyridine Action (62-64)
NO

2
R'00C COOR
l ‘ IDSO’M : Isomer Ratio
Me N Me
H
G.P.
R R G.P. Ileum/K®  Bladder/K' Rabbit Aorta/K’
Me  CH,CH,NMeCH,Ph
(+) 3.x1070 ) )
(=) 1.3x1o'9
Me CH Me2
(+) 4.1x107° 4.0x1072 1.ux1o'8
10 8 10
(=) 4.2x10" 10 5.6x10" 1° 1.5x10"2
Et  CH Me,
(+) 4.9x1077
2.5 - -

(=) 1.9%1072
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Figure 5. Correlation between affinities of a series of 2,6-dimethyl-3,5-dicarbo-

methoxy-4-substituted phenyl-1,4-dihydropyridines measured as their abilities to

displace specific 3H-nitrendipine binding in a microsomal preparation of guinea pig

ileal longitudinal smooth muscle (IC;,, binding) and to inhibit by 50% the sustained

mechanical response of the intact muscle to muscarinic receptor stimulation (ICs,,

response). Key: , best fit line for data and ———, anticipated line for 1:1
correlation.
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The negative inotropic effects of D600 on atria and
papillary muscles lie in the order rabbit > guinea pig > rat
consistent with the relative dependence of response upon extra-
cellular Ca+ (73). Within a single tissue marked differences in
sensitivity to different agonists may exist as, for example, in
the canine trachea where the order of sensitivity of responses
to D600 is, K* > 5-HT > Hist > ACh (28,74). Finally, differences
in antagonist sensitivity may occur with activation of different
receptor subpopulations in the same tissue. In vascular smooth
muscle, where postsynaptic a1, - and ap-receptors occur, the
antagonists have been variously reported to discriminate against
aq- or ap-induced mechanical responses in in vitro, arterial and
venous vascular preparations (75-77). These differences probably
reflect the varying degree to which receptor and channel acti-
vation processes are linked and this may differ significantly
depending upon agonist, tissue and species.

In addition to the preceding evidence that the extent of
channel activation may differ there are several lines of evi-
dence indicating that differences in the sites or mechanisms of
antagonist action exist between tissues. The relative cardiac:
smooth muscle selectivity clearly differs significantly amongst
the several types of antagonist. Verapamil and D600 exhibit the
least selectivity, and smooth muscle selectivity is most pro-
nounced with nifedipine, flunarizine and lidoflazine (9,13,71,72,
78-82). Of particular interest are substantial indications that
some antagonists show selectivity for particular vascular
tissues or beds. Thus, myogenic tone in vascular tissue is sen-
sitive to nifedipine and D600 but is quite insensitive to
flunarizine and lidoflazine. In a comparison of Ca2+-induced re-
sponses in depolarized vascular smooth muscle van Neuten and
Vanhoutte have shown that the range of EDg(p's for flunarizine
exceeds 200 (70). Tiapamil (Ro 11-1781, N-(3,4-dimethoxyphen-
ethyl)-2-(3,4-dimethoxyphenyl) - N-methyl-m-dithiane-2-propyl-
amine-1,1,3,3-tetraoxide), an analog of verapamil, provides a
further example of tissue selectivity (83,84). Tiapamil has
apparent selectivity, with respect to verapamil for the coronary
vasculature and unlike verapamil appears to be inactive in non-
vascular smooth muscle.

In addition to such selectivity differences marked
differences exist among the various antagonists in their time
course of action. In particular, cinnarizine, flunarizine and
lidoflazine are very slow to reach their maximum antagonism,
requiring some 30-60 minutes. In this respect these compounds
differ markedly from verapamil, nifedinine and diltiazem.

The majority of studies with Ca2+ antagonists have
focussed on cardiac and smooth muscles. However, several studies
are available with stimulus-secretion coupling systems (for re-
views see references 9,13,85,86). Particularly for neuronal sys-
tems (neurotransmitter release) these systems appear markedly
less sensitive to the Ca2+ entry blockers than cardiac or smooth
muscle,
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Although a great deal of comparative work is needed, the
evidence thus far available indicates that substantial tissue
selectivity can occur with a number of Ca2+ entry blockers. The
mechanism(s) underlying this selectivity are not established. It
is entirely possible, however, that differences in Ca2+ channel
structure and kinetics are responsible for this selectivity.

Other Sites Of Action

Although the Ca2+-entry blockers are, with justification,
known to inhibit specific Ca2+ mobilization processes they can
inhibit other events including ion movements and receptor
binding (9,13,60). Such additional properties may contribute to
the spectrum of pharmacologic and therapeutic activities of
these agents.

Verapamil and D600 have been shown to inhibit competi-
tively aq and ap-adrenergic, muscarinic and opiate receptor
binding with Ky values in the range 10-6 - 10-5M (Table 5). Al-
though these activities are close to those used in many studies
as indicative of Ca2*-antagonistic effects some discrimination
may be possible, since inhibition by D600 of receptor binding is
non-stereoselective (60). Additionally D600 and verapamil have
been shown to inhibit Na* and K* currents in several excitable
preparations with ICgqg values of 107° - 10=5M and the post-
synaptic membrane currents induced by acetylcholine (Table 5; 9u-
96).
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Other Effects of Cal+-entry Blockers

TABLE V

A. Inhibition of receptor binding

Ant. Receptor Ligand

(+)-D600 Musc. (g.p. ileum) 3H-QNB 6
(+)-D600 Musc. (g.p. ileum) 3H-QNB 8
(-)-D600 Musc. (g.p. ileum) 3H-QNB 7
(+)-D600 Musc. (g.p. ileum) 3H-QNB 8
(+)-D600 a,-Adr. (rat brain) 34-wBL101 1
(+)-D600 a1-Adr. (rat brain) 34-wBL 101 0
(:)-D6OO a1-Adr. (rat vas. def.) 3H-WBLHO1 2
(+)-D600 a,-Adr. (rat vas. def.) 3H-WB41O1 1
(-)-D600 o, -Adr. (rat vas. def.) 3H-WB4101 1
(+)-D600 Opiate (rat brain) 3H-Naloxone y
(+)-D600 ae-Adr. (rat brain) 3H-Clonidine 9
(+)-D600 a1-Adr. (rat brain) 3H-Prazosin 2
B. Inhibition of ionic events
Ant. System

(+)=D600 Veratridine-stim. Na'-uptake
- (heart, neuroblastoma)
(+)-D600 Veratridine depol.

- synaptosome

(+)-D600 Na*, K* current, Cardiac

- purkinje

(t)—Verapamil

(+)-D600

K", pancreatic islet cells

€17, Na*, K*-Ach, Mollusc
urons

ne
(+)-D600,diltiazem Na*, K*-ACh, frog end plate

KM
.9)(10-6

.14x10-6

.0x1o'6

.8x10-6

.1x1o'6

.9x10-6

.2x1o'6

.5x‘|0_6

.7x1o'6

.0x1o'6

.3)(10_6

.8x1o'6

IC oM

3x1o'6

5x1o'6

m1x10-6

n107°

Ref'.
60
60
60
87
87
88
60
60
60
87
89
89

Ref.

90

91
92
93

94
95,96
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Effects of Calcium Inhibitory Compounds
upon the Cardiovascular System

WILLIAM W. MUIR

Ohio State University, Department of Veterinary Physiology and Physiology,
Columbus, OH 43210

A diverse group of heterogeneous compounds have
emerged which are advocated for the therapy of a
variety of cardiovascular diseases including angina
pectoris, hypertension, cardiac arrhythmias,
obstructive forms of cardiomyopathy and ischemic
heart disease. The therapeutic success of these
compounds centers, in part if not totally, upon their
ability to interfere with calcium metabolism. Drugs
exhibiting the ability to inhibit the effects of
calcium upon cardiovascular function have been
classified as calcium antagonists, implying a
receptor agonist-antagonist relationship. Verapamil,
nifedipine, diltiazem and perhexiline are the most
extensively studied of these compounds. The recent
development of a new group of calcium inhibitory
compounds, the 2-substituted 3-dimethylamino-5-,6-
methylenedioxyindenes, are believed to inhibit the
intracellular regulatory protein calmodulin.

Despite difficulties in determining the precise
mechanism of action of drugs possessing calcium
inhibitory activity, these compounds exert potent
negative inotropic, chronotropic and dromotropic
effects upon cardiac tissues. They are excellent
coronary and peripheral vasodilators and preserve
myocardial metabolism while preventing mitochondrial
swelling during cardiac ischemia. Their
antiarrhythmic activity in intact animals and
isolated tissue preparations is closely linked to
their ability to inhibit the slow inward calcium
current, interfere with transmembrane sodium ion
flux, and indirect effects.

The development of specifically designed and precise
experimental techniques coupled with an increased understanding
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of the changes that occur in myocardial metabolism during
disease have been instrumental in advancing cardiac pharmaco-
therapeutics. Nowhere in the science of pharmacology as it
relates to cardiology has this development been made more
evident than in the synthesis and clinical usage of adrenergic
antagonists and a group of compounds collectively termed
"calcium antagonists". The latter compounds have derived their
name primarily because of the ability of ionized calcium to
reverse their electrical and cardiodepressant effects (l, g).
Recently, several investigators have criticized use of the term
"calcium antagonist" in favor of more precise alternatives
including, "slow channel inhibitor", and "calcium channel
blocking drugs"(3, 4, 5). The acceptability of each of these
expressions has been questioned, however, because of the
absence of a proven agonist-receptor relationship and
uncertainty surrounding the principle mechanisms or location
whereby "calcium antagonists" interfere with calcium-dependent
functions (6, 7). In this review and throughout the
manuscript, the term "calcium inhibitory compound" will be used
in lieu of "calcium antagonist," "slow channel inhibitor," and
"calcium channel blocking drug." An exhaustive discussion of
the many compounds exerting calcium inhibitory activity, their
effects upon cardiovascular function, their mechanisms and
sights of action, and their structure-activity relationships
are beyond the scope of this manuscript. For the sake of
clarity, however, a brief discussion of the role and importance
of calcium in excitation-contraction coupling in cardiac
tissues and several proposed mechanisms of action of calcium
inhibitory compounds will be reviewed.

Cal* and Excitation-Contraction Coupling

Calcium is essential for the excitation-contraction
coupling process to occur in cardiac muscle. In comparison to
skeletal muscle, where intracellular calcium stores are
extensive, myocardial stores of calcium are limited. Two
arguments are used to stress the importance of transmembrane
Cas* influx in the excitation-contraction coupling process.
These are: 1) reduction in the force of cardiac contraction
following the removal of Ca2* from the perfusing solution, and
2) uncoupling of excitation-contraction in heart muscle by
lanthanum, (a substance which displaces rapidly exchangeable
membrane bound calcium, blocks calcium influx, but does not
itself enter the cell) (8, 10). Transmembrane calcium influx
begins during rapid depolarization (phase 0) of cardiac cells
and continues for several hundred milliseconds thereafter
(phase 2). The transmembrane Ca2* influx, which occurs during
the cardiac action potential is too small to provide sufficient
Ca2* to initiate contraction, but may contribute to the
excitation-contraction coupling process in three ways: 1) by
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maintaining intracellular stores of calcium in the sarcoplasmic
reticulum; 2) by inducing ("triggering") the release of Ca2*
from the intracellular sarcoplasmic reticulum; and 3) by
modulating the release of Cac* from the sarcoplasmic reticulum
(11, 13). Support for the last two of these hypotheses is
based upon studies in cardiac fibers from which the sarcolemma
has been removed ("skinned" fibers) in order to eliminate
membrane effects, (1&, li) and modulation of cardiac action
potential plateau and contraction by displacement of surface
bound calcium with tri- or divalent cations having ionic radii
similar to that of Ca2* (e.g., La3*, Co2*, Mn2*, Ni2*) (16,
ll). Studies using "skinned" cardiac fibers indicate that
concentrations of Ca2* substantially less than required for
contraction are capable of triggering the release of ca2* from
the intracellular sarcotubular system (calcium induced calcium
release) (11, 15, 18). When the Ca2* concentration within
myocardial cells increases from resting values of 107 M to
10-5 M, ca2* binds to troponin releasing troponins inhibitory
effects upon myosin allowing muscular contraction to occur (lg)
(Figure 1).

Current belief contends that the development of
contractile force in cardiac muscle is determined by the amount
of nonenergg dependent sarcolemmal cal* binding. Extra-
cellular Ca2* can bind to sarcolemmal phospholipids or an
external layer of material composed of glycoprotein, glycolipid
and mucopolysaccharide termed the "glycocalyx."

Quantitatively, the binding of ca2* to the glycocalyx is of
secondary importance compared to that bound by phospholipid
elements. The glycocalyx does play a significant role in the
determination of myocardial cell Ca2* permeability (20, 21).
Upon arrival of the appropriate electrical stimulus Taction
potential), Ca2* crosses the sarcolemma and is the principal
cation responsible for a current called the "slow inward
current" (Ig;) (12, 22, 23, 24). Calcium is conducted across
the sarcolemma through channels or pores which are controlled
by the phosphorylation of sarcolemmal and sarcotubular
proteins. Cardiac sarcolemma and sarcoplasmic reticulum are
phosphorylated by exogenous and endogenous cyclic adenosine
3'-5'- monophosphate (cAMP)-dependent protein kinases (25,
gg). Recently, another regulatory mechanism has been
identified in cardiac sarcoplasmic reticulum. Cardiac
contraction was shown to be dependent upon a multifunctional
regulator protein called calmodulin (27, 28). Calmodulin-
dependent phosphorylation of sarcoplasmic reticulum is
dependent upon the presence of free intracellular ca2* (gg,
30). Both cAMP-dependent and calmodulin-Ca?* dependent
phosphorylation of a proteolipid (phospholamban) of the protein
kinases, result in stimulation of Ca2* transport and Ca2*
dependent ATPase activities of sarcoplasmic reticulum (29, 31,
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32). The small amount of Ca2* released from the sarcolemmal-
Ei&cocalyx complex, therefore, serves as a trigger for
calmodulin phosghorylation of cardiac sarcoplasmic reticulum
resulting in Ca2* release from the sarcolemmal-sarcotubular
system and cardiac contraction.

A second mechanism separate from the slow channel, whereby
Ca2* can enter the cardiac cell, is Na*-Ca2* exchange (33).
Movement of Ca2* across the sarcolemma occurs via a Na*—Cal*
carrier system which is dependent upon intracellular Na*
concentration (34). Interventions which produce an increase in
intracellular Na® concentration (e.g., digitalis) stimulate the
carrier to move Na* out and Ca2* into the cell. The net inward
movement of Ca2* results in an increase in the force of cardiac
contraction. The relative magnitude and functional importance
of the Na*-Ca2* exchange mechanism are unclear at this time.

Proposed Mechanisms and Sight of Action of Calcium Inhibitory
Compounds in Cardiac Muscle

It is currently accepted that calcium can enter the
myocardial cell by three primary mechanlsms including passive
diffusion (extracellular f0a2+ ]=10-3 M, resting intracellular
[ca2+]=10-7 M), electrogenic Na*-Ca2* exchange, and through
voltage activated time-dependent and independent ion selective
channels or pores (22). Voltage-dependent transfer of calcium
ion into the cardiac cell is controlled by "gating mechanisms"
and by phosphorylation of membrane proteins (30, 35). Alpha
adrenergic, histaminergic, and serotonergic receptors regulate
the "gating mechanisms" responsible for Ca2* flux through the
sarcolemnal channels (25, 36) As previously stated,
transscarcolemmal Ca2* m: may participate in myocardial
excitation-contraction coupling and intracellular calcium
regulation by 1) initiating the electrical event responsible
for contraction; 2) replenishing intracellular calcium stores
in the sarcoplasmic reticulum; and 3) modulating the release of
calcium from intracellular sights.

Until recently, chemical compounds that antagnonized cal+
were believed to act by reversibly sealing specific ca2*
channels at the membrane surface (sarcolemma-glycocalyx
complex) of myocardial cellsl., Divalent and trivalent cations
w1th radii larger than the calcium ion including Mn2* ’ Ni2+
Co2* , and La3* will block the influx of Ca2* into myocardial
cells by inhibiting the passage of ca2+ through membrane pores
or channels (16 36- 39) The list of compounds purported to
inhibit Ca2* influx includes a large number of structurally
related and unrelated chemical compounds including papaverine,
(40) diazoxide, (41) perhexiline, (42) lidoflazine, (43)
prenylamine, (4) fendiline, (4) verapamil, (38)
methoxyverapamil (D-600), (38) diltiazenm, (4—7'n1fed1p1ne, (45)
niludipine,(46) nisoldipine, (47) propafenon, (48) tiapaml,
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(49) ryanodine, (50) AHR-2666, (51) 2-substituted 3-
dimethylamino-5,6-methylenedioxyindenes (MDI) (52, 53) and

many others (Figure 2) (53, 54). Recently, this relatively
simplistic classification of calcium inhibition has been
challenged by studies which indicate that many of the so-
called "calcium antagonists" may act intracellularly (2§,
55-58). Several arguments are used to support the hypothesis
of an intracellular mechanism of action including: 1) at 4 mM
extracellular potassium concentrations excitation-contraction
coupling is predominantly dependent upon intracellular calcium
stores (59); 2) most calcium inhibitory compounds demonstrate
inhibition of the contractile response (electrical-mechanical
uncoupling) at concentrations which do not affect the plateau
phase of the cardiac action potential (1, 60, 61, ég) 3);
studies using mesenteric vascular smooth muscle indicate that
low concentrations of calcium inhibitory compounds interfere
with phasic contractions which are principally dependent upon
intracellular calcium activity, while high concentrations of
calcium inhibitory compounds interfere with tonic mechanical
activity which is dependent upon extracellular calcium (2§);

4) radiolabeled calcium (4°Ca) transmembrane flux is not
inhibited by calcium inhibitory compounds (3); 5) 2-n-propyl
and 2-n-butyl MDI bind to calmodulin and troponin (M.T. Piascik
et al., manuscript in preparation); 6) Lineweaver-Burk plots
demonstrate that verapamil and D-600 do not compete with ca2+
for the same membrane site and that the onset of drug effect is
much slower than that of Mn2* (38); and 7) the observation
that the inhibition of transsarcolemmal Cact flux by verapamil
is a direct function of tissue preparation pacing frequency
independent of its direct negative inotropic activity (63).

The precise mechanism and sight of action of most compounds
categorized as calcium inhibitory compounds, therefore, remains
obscure. Future refinements in experimental models and
techniques will undoubtedly will lead to the classification of
calcium inhibitory compounds based upon their primary mechanism
of action and specific site(s) of action (extracellular vs.
intracellar). Because of the uncertainty surrounding the
precise mechanisms of action of calcium inhibitory compounds, I
will describe their cardiac electrical and mechanical effects
illuding when possible to those compounds that are believed to
act: 1) competitively with ca2* for specific calcium
channels (e.g., Co2*, Mn2*, La3*, etc.); 2) at the cardiac
cell membrane and possibly by one of several intracellular
mechanisms (e.g., verapamil, diltiazem, nifedipine); and 3)
intracellularly (e.g., 2-n-propyl and 2-n-butyl MDI).

Normal and Abnormal Cardiac Electrical Activity

Most studies attempting to define the effects of calcium
inhibitory compounds upon cardiac electrical activity have
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focused upon the plateau phase of the cardiac action

potential. In cardiac and other excitable tissues, the action
potential represents multiple ionic transmembrane fluxes (22).
Microelectrode and voltage clamp experiments have confirmed
that two different inward currents are responsible for the
development of the cardiac action potential (Figure 3) (12, 24,
35, 36, 37, 64). A rapid inward current carried by Nat (Ipa+
is responsible for the initial depolarization or spike of the
cardiac action potential. The transfer of Ca2* across the
sarcolemma gives rise to a second inward current that with a
small Na* component is referred to as the "slow inward current"”
(Igi). The adjective, slow, is used because of the slow
kinetics of calcium ion transfer compared to the rapid Na*t
influx which occurs during the initial depolarization. For
descriptive purposes, the cardiac action potential is
subdivided into 5 distinct phases. During phase O,
transmembrane conductance for the inward displacement of Na*
rapidly increases (rapid inward current INa+) resulting in
rapid depolarization. As Na‘t reaches its equilibrium potential
(+20-40 mV), “as predicted by the Nernst Equation, Na
conductance decreases. Rapid inactivation of Na® conductance
coupled with the cellular influx of chloride ion results in a
brief period of rapid repolarization, referred to as phase 1.
In Purkinje fibers, rapid sodium inactivation is delayed
resulting in a very long-lasting depolarizing or inward
current. During phase O when membrane potential has
depolarized to a value of from -60 to -40 mV, the second slower
inward current (Ig;) is activated. Ig; is responsible for the
prolongation of membrane depolarization or plateau phase (phase
2) of the cardiac action potential. Experimentally, divalent
ions with similar radii to that of Ca2+, such as strontium
(Sr2*) and barium (Ba2*), have been used as charge carriers for
Igi- Repolarization occurs when the sum of the outward
currents exceeds that of the inward currents (éé). At membrane
potentials less negative than -40 mV, transmembrane conductance
to K* increases. Increased K* conductance and the resultant
outward displacement of K* coupled with a simultaneous decrease
in Ig; (calcium inactivation) lead to cellular repolarization
(phase 3). Transmembrane conductance to K* and intracellular
calcium activity are significant factors in determining the
rate of repolarization (§27§§). For example, experimental or
pharmacologic manipulations which increase intracellular
calcium activity or increase membrane conductance to K*
markedly shorten action potential duration (69, 70). The
remaining phase of the cardiac action potential is referred to
as phase 4. In resting atrial and ventricular myocardium,
phase 4 is stable at a resting membrane potential ranging from
between -80 to -95 mV. In cardiac tissues demonstrating
spontaneous activity (i.e., sinoatrial [SA] node,
atrioventricular [AV] node, specialized conducting [Purkinje]
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Figure 2. Structural formulas of some calcium inhibitory compounds. Continued
on next page.
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Figure 3. Action potentials recorded from Purkinje and SA nodal fibers. Note
the absence of phase 1 and slurring together of phases 2 and 3 in the recording from
the SA nodal fiber.
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fibers), phase 4 is characterized by a gradual change in the
membrane potential towards a less negative or threshold
potential from which an action potential is generated. Phase 4
activity, called diastolic depolarization, is responsible for
the so-called "pacemaker current" of cardiac cells, and in
Purkinje fibers has been attributed to a decaying outward Kt
current, termed Ik, (71). Recently an entirely new mechanism
for the pacemaker current and phase 4 activity in Purkinje
fibers has been proposed (72, 73). Phase 4 is attributed to a
mixed current principally generated by activation of an inward
Na* component rather than inactivation of Ixo (12). Acceptance
of this new concept has clarrified several important
qualitative differences thought to exist between phase 4
activity in cells of the SA node and His-Purkinje system.

The shape of the normal cardiac action potential varies
considerably depending upon the recording sight. Cells of the
SA and AV nodes demonstrate a maximum diastolic potential of
-60 mV compared to -90 mV recorded from Purkinje and muscle
fibers, a markedly reduced rate of rapid depolarization (phase
0), no phase 1 and a slurring together of phases 2 and 3. The
characteristic, reduced, resting membrane potential and slow
rate of phase O in these tissues have led to the conclusion
that phase 4 is partially dependent upon the inward
displacement of calcium ion and that phase O is due to the
inward movement of Na* through partially inactivated fast
channels and Na* and Ca2* through slow channels (74)-

Alterations in normal impulse formation are due to normal
and abnormal automaticity, altered conduction, or both, and are
responsible for abnormal electrical activity and the many
diverse arrhythmias that occur in diseased hearts (12). In
addition, there is suggestive evidence that cardiac arrhythmias
result from electrical uncoupling of the ventricular myocardium
(76, 77). Electrical uncoupling of cardiac cells occurs
simultaneously with increases in internal cellular resistance
and Ca?* concentrations (77, 78). Interventions that
exaggerate increases in internal resistance including hypoxia,
ischemia, catecholamines, increases in extracellular Ca * and
increased stimulation frequency also increase intracellular
Ca* (75). The cellular electrophysiologic changes that are
believed to have an important role in the development of
abnormal automaticity and conduction, and the development of
cardiac arrhythmias in diseased hearts include variable
reductions in resting membrane potential, altered action
potential configuration and duration, unprovoked and triggered
spontaneous activity, depression of cellular excitability and
membrane responsiveness, prolongation of action potential
refractoriness and action potentials with a markedly reduced
rate of rise of phase O (75). Acute cellular damage from any
cause is generally associated with a loss of cell membrane
integrity and a decrease in intracellular K* concentration.

49
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These changes, combined with local increases in extracellular
K* concentration, result in cellular depolarization, a
decreased rate of rise of phase O, decreased action potential
duration and potentially the development of calcium dependent
(slow response) action potentials (75). In more chronic (hrs
or days) situations, after extracellular K* concentration has
returned to normal, transmembrane potential may be normal or
reduced, but action potential duration may be prolonged due to
decreases in the transmembrane K* concentration gradient and
reductions in membrane conductance to K* (75) In either case,
a reduction in resting membrane potentlal Tesults in a cardiac
action potential more dependent upon Ca 2+ for depolarization
and predisposes the cardiac cell to spontaneously occurring
cyclical membrane oscillations (depolarization induced
automaticity) which may reach threshold and produce
extradepolarizations (123 19, §Q). Cardiac cells that develop
calcium dependent action potentials may also demonstrate
spontaneous or triggered (dependent on a prior initiating
action potential) abnormal automaticity, delayed conduction
patterns, and prolonged refractoriness. All of these factors
are important in the development of cardiac arrhythmias
(80-83). Independent of disease induced effects, pharmacologic
interventions (digitalis, barium, catecholamines) can
potentiate the slow inward Ca2* current in otherwise normal
cardiac tissues and may trigger membrane oscillations which
%ea? to abnormal cellular automaticity and cardiac arrhythmias

8l).

" Drugs that demonstrate calcium inhibitory activity display
different cardiac membrane effects dependent upon their
structure, physical pro ertles and concentration. Compounds
which interfere with Ca®* influx are expected to prolong the
duration of the action potential. This predlctlon is supported
by evidence that decreased intracellular ca2* activity may
decrease the late increase in K* conductance and potentially
prolong the duration of repolarization (phase 3) (69). The
first substances reported to inhibit Igj without 1nfluenc1ng
rapid depolarization (phase 0) were Mn§+, Ni2* and Co2* (16,
ll). The effects of the chemically complex calcium inhibitory
compounds upon Ig; and action potential duration, however, are
difficult to predict because they may not act by a single
electrophysiolo 1c mechanism. Finally, it has been suggested
that the Na*-Cac* exchange mechanism may be important in
providing calcium for cardlac contraction (33) Metallic
cations (Mn2*, N;2%, Co2*) are known to displace membrane bound
Ca2* which partlclpates in Na*-Ca2* exchange (34, 39). The
effect of the majority of calcium inhibitory compounds on the
Na*-Ca2* exchange process is uncertain.
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Electrophysiologic Effects of Calcium Inhibitory Agents in
Normal and Diseased Hearts

Effects Upon Action Potential Configuration and
Automaticity. The one electrophysiologic effect that all
calcium inhibitory compounds apparently share in common is
inhibition of Igj. The magnitude of this effect is dependent
upon the potency and dose of the drug being investigated.
Furthermore, a number of compounds with calcium inhibitory
activity demonstrate multiple membrane effects dependent upon
optical isomerism. The (+)-isomers of racemic verapmil, D-600,
and prenylamine demonstrate predominantly fast-channel (Iyg+)
inhibitory effects whereas, the (-)-isomers of these same
compounds are predominantly inhibitors of Ig; (43, 84, 85).
Interestingly, only those calcium inhibitory compounds which
demonstrate effects upon Iy, are useful clinically as
antiarrhythmics (52, 86-89). Because of differences in drug
potency, dose, and formulation, descriptive experiments report
that calcium inhibitory compounds have variable effects upon
action potential characteristics and configuration (l) 60, 62,
2g, gl, 22). In general, several statements can be made about
compounds exhibiting calcium inhibitory activity. At drug
concentrations, which begin to result in negative inotropic
effects in isolated heart muscle preparations, most calcium
inhibitory compounds cause little or no change in action
potential amplitude, maximum upstroke velocity of phase O
(Vpax)» or action potential duration at 100 percent
repolarization. As drug concentration is increased, gradual
changes in atrial, ventricular myocardium and Purkinje fiber
action potential configuration are observed. In atrial and
ventricular myocardium, these changes include increases in the
slope of the plateau (phase 2), a decrease in action potential
duration at 25 and 50 percent repolarization (ADP25 and APD50)
and decreases, no change, or increases in APDjpp. At still
Ligher drug concentrations, the demarcation between phases 2
and 3 becomes indistinguishable and APD is decreased at all
points during repolarization. Associated with the changes
observed in APDjngp are similar, but not proportional, changes
in the effective refractory period (ERP); decreases in APD700
result in increases in the ERP/APD. In addition, several
compounds (2-n-propyl and 2-n-butyl MDI, racemic verapamil,
D-600, prenylamine) decrease Vy,, (43, 84, 91). Similar but
more pronounced changes are observed in action potentials
recorded from Purkinje fibers.

Although studies using voltage clamp techniques suggest
that several of the calcium inhibitory compounds (verapamil,
D-600, and manganese) may affect background inward currents
carried by Na* or time-dependent outward currents carried by K*
(both of which could affect action potential duration), the
changes that occur in action potential configuration could be
caused by variations in the degree of intracellular Ca2*
inhibition (93, 94). Drugs which have profound depressant
effects upon intracellular Ca2* activity would be expected to
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dramatically abbreviate phase 2 leading to premature activation
of the outward K* currents and marked reductions in APD during
all phases of repolarization. Compounds which have poor
intracellular Ca¢* inhibitory activity and which act primarily
at the cell membrane by modulating the influx of Ca2+,
indirectly reduce intracellular Ca2* release from sarcoplasmic
reticulum. This results in minimal abbreviation of phase 2,
reductions in APD25 and APDgp, and delayed activation of
outward K* currents, thereby prolonging APD1po- Recently, we
have had the opportunity to examine the in vitro
electrophysiologic effects of two calcium antagonists which are
believed to act intracellularly (2-n-propyl and 2-n-butyl MDI)
(55). Addition of either of these compounds at concentrations
fgﬁging from 10-7 to 10-2 M to Tyrode's solution superfusing
canine Purkinje fibers results in action potential changes
characteristic of calcium inhibition, including decreases in
APDp5, APDg and APDjgp- In separate experiments, similar
concentrations of a quaternary derivative of 2-n-butyl MDI were
added to the superfusion medium resulting in significant
reductions in APDpg, variable changes in APDgp and increases in
APD oo (Figure 4).  These experiments suggest that the
electrophysiologic changes caused by calcium inhibitory
compounds are in part dependent upon inhibition of Ig; and the
currents responsible for repolarization. Because of the
negligible effects of 2-n-butyl MDI and its quaterinary
derivative upon phase 4 depolarization (discussed below), it is
unlikely that it interferes with action potential
repolarization by altering K* efflux, although this aspect
requires further study.

Effect Upon Normal Automaticity

The effects of many ca2* inhibitory compounds on
sinoatrial, atrioventricular, and Purkinje fiber automaticity
have been examined (iz, 46, géflgg)‘ In general, in vitro
studies suggest that the addition of ca2* inhibitory compounds
to solutions superfusing isolated tissues results in no change
or a decrease in spontaneous activity (98, 100). As previously
stated, time-dependent outward currents carried by K*, and
activation of an inward current carried by Na‘ and Caé+ exert a
significant influence on SA and AV node spontaneous activity
(74). Tyrodes superfused in rabbit and guinea pig and blood
perfused canine sinus node preparations display the most
pronounced negative chronotropic effects to compounds which
have the ability to inhibit Na* and Ca2* transmembrane flux.
Verapamil, D-600, diltiazem and niludipine, in addition to
inhibiting of Ig; induce changes in Na* and, indirectly in K*
transmembrane flux resulting in pronounced decreases in
spontaneous rate (ié, a1, lgg). In contrast to their effects
upon SA and AV automaticity, calcium inhibitory compounds do
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Figure 4. Action potentials recorded from Purkinje fibers before (A) and after

1 X 10M (B),1 X 10°M (C), and 1 X 10* M (D) 2-n-butyl MDI (top) and

quaternary 2-n-butyl MDI (bottom). Note the obvious prolongation in APD
in C(bottom).
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not affect, or only minimally suppress, spontaneous activity in
normal Tyrodes or blood superfused Purkinje fibers (51, §g 61,
62, 102) This finding is not suprising in view of the Tack of
importance of the inward Ca2* current in determining
spontaneous activity in normal Purkinje fibers. Those calcium
inhibitory compounds that do exhibit the ability to depress
spontaneous normal automaticity in Purkinje fibers also exhibit
effects upon membrane Na* conductance. Nifedipine, a compound
believed to act primarily by inhibiting ca2* influx, has no
effect upon Purkinje fiber automaticity (60) Verapamil, a
calcium inhibitory compound with both Na* “and Ca2* inhibitory
activity, has been reported to cause no change or decreases in
Purkinje fiber automaticity (62). Both 2-n-propyl and
2-n-butyl MDI, and AHR-2666 demonstrate insignificant effects
upon the slope of phase 4 but depress automaticity in Purkinje
fibers. Calcium antagonists that depress spontaneous activity
without affecting phase 4 depolarization presumably act by
shifting the threshold for activation of the inward Na* current
in a positive direction (51).

Effects Upon Abnormal Automaticity

In contrast to their negligible effects upon normal
automatic mechanisms in Purkinje fibers, calcium inhibitory
compounds depress abnormal automaticity induced by a variety of
experimental techniques (51, 60, 61, 62, 99-102). Calcium
inhibitory compounds are particularly useful in suppressing
impulse formation due to intrinsic changes in membrane
conductance which result in cyclical, pacemaker-like
oscillations of diastolic potential (51, 80, 91). This type of
activity is most commonly observed infaépressed, partially
depolarized fibers and has been termed "depolarization-induced
automaticity" (103). Depending upon their temporal
relationship to normally produced action potentials, membrane
oscillations are called early or delayed afterdepolarizations
(104). Delayed afterdepolarizations are also called
oscillatory afterpotentials, transient depolarizations, low
amplitude potentials and enhanced diastolic depolarizations
(lgi). Afterdepolarizations that are dependent on a prior
initiating action potential, reach threshold and initiate
rhythmic activity are called "triggered" (83, 105).
Afterdepolarizations and triggered activity have been recorded
from SA and AV nodes, specialized atrial and ventricular
(Purkinje) fibers, atrioventricular valve leaflets, coronary
sinus tissue, and ventricular myocardium (51, 15, 80, 105,
106). In a recent review, it was pointed ‘out that membrane
oscillations can be produced by stretch, ischemia, hypoxia,
cooling, drugs (catecholamines, digitalis, Ca2*, Ba2*
aconitine, veratrine), elevated Pcoz, alterations in the
electrolyte content of superfusion solutions, and spontaneously
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occurring disease (75) The calcium inhibitory compounds which
have demonstrated the ability to reduce or e11m1nate membrane
oscillations include metallic ions (Mn2*, Ni2*, Co2%),
verapamil, D-600, nifedipine, niludipine, diltiazem,
perhexiline, AHR 2666, 2-n-propyl and 2-n-butyl MDI and many
others (51, 60, 61, ég_ 99-108). Recent evidence suggests that
reticulum is responsible for the membrane conductance changes
which produce membrane oscillations (104). If this theory is
correct, the efficacy of calcium inhibitory compounds in
reducing and abolishing membrane oscillations can be linked to
their ability to limit intracellular calcium release,
transmembrane Ca2* influx, or both. Since partial activation
of the background inward Na' current is believed to be somewhat
responsible for membrane oscillations, calcium inhibitory
compounds which inhibit Nat transmembrane flux (verapamil,
D-600, perhexiline, AHR 2666, 2-n-propyl and 2-n-butyl MDI's)
may be particularly useful in abolishing abnormal rhythm
disturbances due to membrane oscillations (79).

Effects Upon Conduction of the Cardiac Impulse in Normal and
Diseased Hearts

Cardiac activation is dependent upon the proper timing and
sequencing of cardiac excitation. Alterations in the pathways
or conduction velocity which result in normal cardiac
activation could lead to abnormal conduction patterns and
disturbances in cardiac rhythm (75). The relative potencies of
calcium inhibitory compounds in EEbressing cardiac conduction
velocity in isolated tissues is dependent upon dose and the
type of tissue being investigated. Normal atrial and
ventricular muscle, and Purkinje fibers demonstrate little or
no response to the negative dromotropic effects of calcium
inhibitory agents unless exposed to extremely large drug
concentrations (62 100, 102, 109) Tyrode's or blood
superfused SA and AV nodal tissues demonstrate dose dependent
decreases in conduction velocity when exposed to calcium
inhibitory compounds (96-100, 102). Recordings from the upper
and middle portions of the AV node indicate that calcium
inhibitory compounds cause a reduction in action potential
amplitude and upstroke velocity and increase the effective
refractory period (102) The ionic mechanisms responsible for
the effects of calcium inhibitory compounds upon conduction
velocity in SA and AV nodal tissues remain undetermined
although inhibition of Igj is conjectured to be responsible for
the majority of changes based upon reversal of these effects by
increasing extracellular Ca2* or catecholamine administration
(46, 102, 104).

The electrophysiologic correlates of the effects of
calcium inhibitory agents upon conduction velocity in isolated
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cardiac tissues are observed in isolated whole heart
preparations (electrograms), and specific intervals of the
electrocardiogram recorded from intact animals (ig, 95, gé, 98,
99, llelléD- Drug effects are dependent upon diverse
hemodynamic, metabolic, autonomic and reflex changes. For
example, in vitro studies indicate that nifedipine is twice as
potent as verapamil in slowing AV nodal conduction when both
are administered at equal negative chronotropic concentrations
(95). In vivo studies, on the other hand, indicate that
ﬂzfédiﬁzﬁé increases heart rate and does not affect AV nodal
conduction, while verapamil prolongs AV nodal conduction and
produces second degree AV block (§2, 111, &lz). Furthermore,
verapamil exerts its negative dromotropic effects in both
innervated and denervated hearts (lll). Studies in patients in
sinus rhythm support these findings by indicating that while
verapamil has no effect upon the R-R, QRS and Q-T, intervals of
the electrocardiogram, it dramatically prolongs both the atrial
to His (A-H) time and the P-R interval (39, 111). Similar
studies using nifedipine in resting human patients are unable
to demonstrate discernable effects upon SA and AV nodal or His
Purkinje conduction (96). The calcium inhibitory compounds,
diltiazem and perhexiline, demonstrate effects in intact hearts
midway between those of verapamil and nifedipine (6, 98).
Several investigators attribute the differences caused by
calcium inhibitory compounds in intact animals to the magnitude
of their in vitro fast (Na*) versus slow channel (Ca 2+)
inhibitory activity and their ability to initiate reflex
autonomic effects (114, 115). For example, verapamil inhibits
both Iyg and Ig; in | vitro, but demonstrates minimal autonomic
effects in vivo (62 1115. Nifedipine, however, depresses Igj
in vitro and elicits ‘strong reflex sympathetic activity in vivo
(11%4). Studies of these calcium inhibitory compounds which are
believed to act intracellularly (2-n-propyl and 2-n-butyl
MDI's) upon automaticity and conduction in SA and AV nodes and
ischemic myocardium remain to be done.

The effects of calcium inhibitory agents upon conduction
velocity and delayed activation in normal hearts may be
entirely different from that observed in ischemic myocardium.
In constrast to depressant Ig; dependent conduction effects in
SA and AV nodes of normal hearts, verapamil has demonstrated
the ability to reduce the degree of ischemia-induced conduction
delay in anesthetized dogs after ligation of their left
anterior descending coronary artery (109, 110). Recent studies
using nifedipine, diltiazem, nisoldiﬁzﬁg dﬁa—hiludipine have
yielded results suggesting a similar effect upon ischemia-
induced conduction delay (109, 116 124) These results imply
that calcium inhibitory compounds favorably affect myocardial
oxygen supply and demand presumably by improving oxygen supply
to ischemic areas via coronary collateral blood flow.
Furthermore, it has been argued that the administration of
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calcium inhibitory compounds prior to infarction improves
recovery of myocardial function after coronary artery ligation
by decreasing intracellular Ca2* and energy demand during the
ischemic period (78, 122, 125). The relative potency of the
various calcium iﬁﬁiﬁ??Ery compounds in producing this
myocardial "sparing" or "salvaging" effect has not been
determined.

Antiarrhythmic Activity

Calcium inhibitory compounds are used as antiarrhythmic
drugs because of their diverse effects upon cardiac electrical
activity and experimental evidence which suggests that the slow
inward current is important in the genesis of cardiac
arrhythmias (;gg). A variety of potentially toxic compounds
including aconitine, barium, digitalis and catecholamines have
been used to produce abnormal electrical activity in isolated
tissue preparations in order to demonstrate the effectiveness
of calcium inhibitory compounds in suppressing abnormal
automaticity. Experimental studies in intact animals indicate
that calcium inhibitory compounds possess variable anti-
arrhythmic effects against a variety of chemically- (digitalis,
ca101um, catechollmlnes) and mechanlcally- (coronary occlusion)
129. ). The importance of Igi in the gZhéEIE of ventricular
arrhythmias associated with these pharmacologic and mechanical
manipulations is assumed but remains speculative. The clinical
value of the various calcium inhibitory compounds in
effectively controlling cardiac arrhythmias caused by toxic
concentrations of digitalis and naturally-occurring disease
(ischemia, infection, hypoxia) is also disputed (1-26, 130).

It is noteworthy that calcium inhibitory compounds With the
ability to inhibit Iy,+ possess the most potent antiarrhythmic
activity against both experimental and clinical arrhythmias
(126). For example, nifedipine exerts minimal, if any,
antiarrhythmic effect against ischemic induced arrhythmias in
intact animals (6, 87, 131). Diltiazem and perhexiline, on the
other hand, demonstrate variable antiarrhythmic effects
dependent upon their dose and the mechanism responsible for
arrhythmia production (ischemia, hypoxia, digitalis, aconitine)
(102, 126, 131, 132). Only verapamil, which has been
investigated in the largest number of experimental and clinical
trials, has demonstrated consistent antiarrhythmic activity
against cardiac arrhythmias regardless of cause (122).

Clinical electrophysiologic studies indicate that verapamil is
effective in combating supraventricular arrythmias including
atrial premature depolarizations, paroxysmal atrial
tachycardia, AV nodal re-entrant paroxysmal supraventricular
tachycardia, atrial fibrillation and atrial flutter (134).
Verapamil is also potentially beneficial in eliminatiﬁE_
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recurrent supraventricular tachycardia in patients with
accessory pathways and pre-excitation (122). Verapamil is most
effective in controlling circus movement tachycardia involving
accessory pathways when retrograde conduction is involved
rather than when conduction is antegrade. Verapamil will not
slow ventricular rate during atrial fibrillation or antegrade
conduction over the accessory pathway. In addition, since
large doses of verapamil may shorten the cardiac action
potential and the effective refractory period, increases in
ventricular rate have been reported (134, 135) Recent
experimental evidence using 2-n-propyl T and 2-n-butyl MDI
indicates that these compounds possess antiarrhythmic potency
equivalent to that of verapamil without producing bradycardia,
ECG changes or atriovenricular block (22, léé)- It will be
interesting to determine if the MDI's are equally as effective
in combating arrhythmias in patients with naturally occurring
heart disease as they are in experimental animals.

In summary, compared to diltiazem, nifedipine, and
perhexiline, verapamil demonstrates the most consistent results
in the control of both experimental and clinical arrhythmias.
In none of the studies reported to date, however, has verapamil
been uniformly successful in re-establishing normal sinus
rhythm in all animals or patients although there is a marked
reduction in the frequency of ectopic ventricular
depolarizations (126, 134). The important direct
antiarrhythmic effects of the various calcium inhibitory agents
are the result of a combined inhibition of both Iyg+ and Igj
(126) Additional explanations for the direct antiarrhythmic
effects of calcium inhibitory agents include hyperpolarization
of the cardiac cell membrane thereby reducing calcium cellular
influx and membrane oscillations (21, 60, 62, ggﬁp, increases
in calcium uptake or decreased calcium release from
sarcoplasmic reticulum or mitochondria (13 8, lgg),
stimulation of the sodium-calcium pump promoting calcium efflux
(33), interference with the intracellular calcium receptor of
contractile proteins, and binding to intracellular regulatory
proteins (M.T.Piascik et al, manuscript in preparation).
Equally as important, and p potentially more clinically relevant,
are the indirect mechanisms responsible for the antiarrhythmic
activity of calcium inhibitory agents, including coronary
vasodilation and subsequent increases in coronary artery blood
flow (ﬁZJ 114, 124, lél); decreased cardiac contractillty,
metabolism, and arterial vasodilation resulting in decreases in
myocardial oxygen consumption and wall tension; (92) and reflex
alterations in autonomic regulation of heart raté-(overdrlve
supression) and AV conduction (114).
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Cardiac and Smooth Muscle Mechanical Activity

Cardiac Muscle. Calcium inhibitory agents may interfere
with excitation-contraction coupling processes in myocardial or
vascular smooth muscle cells by a number of mechanisms
including: 1) inhibition of the slow inward current through
direct competition for slow channels or interference with the
membrane binding of Ca2*; 2) interference with the release
and uptake of calcium by the various intracellular organelles;
and 3) alteration of the activity of specific regulatory
proteins (troponin, calmodulin). It is interesting to note
that most calcium inhibitory agents are from 3 to 10 times more
effective in reducing smooth muscle contraction than in
reducing the force of myocardial contraction. Furthermore,
unlike cardiac muscle where tropomyosin and troponin are
believed to be the important regulatory proteins, a substance
called calmodulin serves a predominant role in smooth muscle
(128, 139).

Experiments utilizing isolated superfused and blood
perfused cardiac tissue preparations and isolated rat, rabbit,
and cat whole hearts all demonstrate the potent, concentration-
dependent, negative 1notroplc act1v1ty of the calcium

lil) Studies comparing the relatlve negatlve 1notroplc
effects of several of the calcium inhibitory compounds indicate
that those compounds exhibiting the most potent calcium
inhibitory effects in vitro are the most effective in reducing
cardiac contractility in vivo (6). Of those compounds most
frequently compared, nifedipine and niludipine exhibit the most
profound negative inotropic activity followed by verapamil
(levo isomer), diltiazem and perhexiline (88, 89-142).

In isolated guinea pig, rat, rabbit and cat paplllary
muscle preparations, the addition of a calcium inhibitory
compound to the superfusing solution decreases isometric or
isotonic tension long before measurable changes in the cardiac
action potential occur (29 89, 92, ‘llg, 142) The subsequent
administration of catecholamines or increases in the
extracellular Ca2* concentration (2.5 to 5.0 mM) will partially
reverse these effects and originally served as the basis for
the hypothesis that calcium inhibitory compounds limit
sarcolemmal Ca2* flux via slow channels (1). As previously
suggested, intracellular mechanisms are important in deter-
mining the contractile effects of calcium inhibitory
compounds. Experiments conducted in our laboratory, studying
the effects of 2-n-propyl or 2-n-butyl MDI in isolated Tryrodes
superfused canine papillary muscle preparations, demonstrate
their ability to uncouple excitation-contraction coupling at
drug concentrations which do not reduce action potential
characteristics including action potential amplitude, resting
potential, duration at 25, 50, 90 percent repolarization and
the rate of rise of phase 0O (dV/dtm x) Interestingly, at drug
concentrations greater than 5 X 10~ g , ventricular muscle
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action potential durations actually increased (Figure 5). The
explanation for this latter effect is uncertain, although
similar changes appear to be evident upon close inspection of
figures reported by other investigators using a variety of
calcium inhibitory compounds (1, 92).

It is established that Ca?* and K* are involved in
maintenance and termination of the plateau phase of the cardiac
action potential. Furthermore, intracellular calcium
concentration controls membrane K* permeability via the various
conductance components for K* (gkj, gKp, gIy) (69). It is also
established that action potential duration and myocardial
tension development are integrally related (13). In view of
previous observations and explanations for the excitation-
contraction coupling process and the effects of calcium
inhibitory compounds upon the cardiac action potential of
ventricular muscle and Purkinje fibers, one possible
explanation for the effects observed in ventricular muscle
preparations is that low concentrations of calcium inhibitory
compounds reduce the amount of intracellular free calcium in
the vicinity of the K* channel, thereby changing the channel's
configuration resulting in a reduction in gK* and delayed
repolarization of the ventricular muscle action potential.
When elevated concentrations of calcium inhibitory compounds
are used, the plateau phase of the action potential is
dramatically abbreviated resulting in reductions in action
potential duration during all phases of repolarization.
Depending upon the cardiac fiber type (Purkinje fiber or
ventricular muscle) and concentration of the calcium inhibitory
compound under investigation, quantitative and qualitative
changes in action potential plateau and repolarization are to
be expected, although contractile force is invariably reduced.

Smooth Muscle. All known calcium inhibitory compounds
decrease smooth muscle tone in both the coronary and peripheral
circulations (113, 114, 115, 140, 143-147). Comparative
studies using dogs suggest that this effect varies in intensity
but surpasses negative inotropic activity (114, 145).
Nifedipine, verapamil and perhexiline exhibit their most
pronounced vasodilator effects upon femoral arterial blood flow
followed by coronary, renal, and mesenteric beds (fhi,.il,

112). Diltiazem and nisoldipine preferentially dilate the
coronary bed (47). The coronary smooth muscle relaxing effects
of the 2-substituted aminoindenes closely resemble that
produced by verapamil and prenylamine (53, 113). Two-n-butyl
MDI, in particular, demonstrates a 4-fold greater coronary
arterial vasodilating than negative inotropic effect (ll2)°
Equally as interesting and potentially of greater clinical
significance than their ability to dilate coronary arteries, is
the ability of several calcium inhibitory compounds to affect
regional myocardial perfusion in such a way as to increase
blood flow to ischemic myocardium (47, 148, 149, 150).
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Figure 5. Action potentials and developed tension recorded from canine papillary
muscle before (A) and after 1 X 10°M (B) and 1 X 10> M (C) 2-n-butyl-MDI.
Developed tension decreased by 25% (B) and 80% (C).
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Nisoldipine, nifedipine and verapamil have recently been shown
to increase total coronary collateral transmural blood flow to
ischemic areas of myocardium (47). Only diltiazem did not
produce an increase in total transmural blood flow within the
ischemic zone, although the ratio of blood flow in the
subendocardium versus that in the subepicardium was
significantly increased. Recent studies evaluating the effects
of nifedipine in dogs with experimentally induced acute
myocardial ischemia and infarction indicate that the dosage of
calcium inhibitory compound utilized may be critical in
determining whether or not a beneficial effect is obtained
(122). Dogs receiving nifedipine, 13 ug/kg, demonstrated a 30
percent fall in aortic pressure, a 12 percent rise in heart
rate, and an extension of their infarct zone. Dogs receiving
nifedipine, 1 ug/kg, demonstrated a 12 percent fall in arterial
blood pressure, no change in heart rate, and an improvement of
regional myocardial perfusion suggesting limitation of infarct
size. Together these studies indicate that drug, drug dose,
dosage rate and method of administration are critical in
determining whether or not a favorable redistribution of blood
flow to ischemic myocardium is obtained.

Calcium Inhibitory Compounds and Myocardial Ischemia

Regardless of the effects of calcium inhibitory compounds
upon total myocardial perfusion and the distribution of
transmural blood flow, several groups of investigators have
demonstrated that verapamil and diltiazem can prevent the
consequences of myocardial ischemia, particularly mitochondrial
swelling and destruction (150-153). Myocardial calcium levels
in ischemic dog hearts increase to 10 to 20 times normal levels
(78, 154). Increased intracellular calcium increases
intracellular energy utilization, decreases ATP, and impairs
mitochondrial function (78). Recent evidence suggests that
ischemia of myocardial tissue results in an increase in
inorganic phosphate concentration which induces mitochondrial
swelling and uncoupling of oxidative phosphorylation mechanisms
by stimulating energy-dissipating intramitochondrial cycling of
calcium (148). Furthermore, a direct relationship exists
between the accumulation of mitochondrial Ca2* and the
development of contracture in myocardial muscle strips and the
degree of ventricular muscle stiffness in intact hearts (122).
Pretreatment of tissue preparations or isolated hearts with a
variety of calcium inhibitory compounds including verapamil,
diltiazem, nifedipine, prenylamine, fendiline and bencyclane
prevents mitochondrial swelling and uncoupling of oxidative
phosphorylation and reduces intracellular calcium (122, géé,
157). The net results of these effects are an increase in
adenine nucleotides, tissue ATP, creatine phosphate and
improvement in cardiac function Qﬂg).



Publication Date: October 14, 1982 | doi: 10.1021/bk-1982-0201.ch003

3. MUIR Inhibitory Compounds and the Cardiovascular System

Calcium Inhibitory Compounds and Hemodynamics

Application of the knowledge of the electrophysiologic,
negative inotropic, and vascular smooth muscle effects of
calcium inhibitory compounds in isolated tissue preparations to
normal and diseased animals or human patients is difficult.

The net hemodynamic effects of calcium inhibitory compounds
vary considerably depending upon their diverse pharmacologic
activities independent of Ca2* inhibition, their dose response
characteristics, and their ability to initiate or inhibit
central nervous system reflex mechanisms.

The administration of calcium inhibitory compounds to
anesthetized or conscious animals and humans with a variety of
cardiac diseases is associated with a dose dependent negative
inotropic effect and decrease in myocardial oxygen consumption
(88, 89, 95, 112, 114, 158, 159, 160). In general and at
appropriate dosages, indexes of myocardial function including
left ventricular pressure, left ventricular end diastolic
pressure, left ventricular stroke work, the first derivative of
left ventricular pressure (dP/dtp,y), maximum velocity of
contraction (Vmax), and a diastolic relaxation constant are
decreased, whereas coronary sinus oxygen saturation, left
ventricular end systolic diameter, and cardiac output are
increased (95, 114, 159, 161, 162, 163). Heart rate changes
are unprediﬁab?(@ E . Various review articles have
reported that calcium inhibitory compounds cause an increase,
decrease or no change in heart rate (4, 6, 95, 131, 160). As
the dose of calcium inhibitory compound increases, however,
tachycardia generally develops (161). The hemodynamic changes
described can be related to the ability of calcium inhibitory
compounds to produce peripheral vasodilation (afterload
reduction) and the interplay between direct drug mediated and
reflex events. Calcium inhibitory compounds demonstrate little
or no effect on venous capacitance. The administration of
nifedipine into the left coronary artery of normal human
volunteers, for example, produces decreases in dP/dtpay,
maximum velocity of contraction, and left ventricular stroke
work (lél). In contrast, the intravenous administration of
nifedipine into the intact circulation of conscious dogs or
normal human volunteers fails to produce major changes in left
ventricular stroke work, dP/dtmax or mean aortic blood pressure
since vasodilation is reflexly counteracted by increases in
cardiac output and heart rate (159, 162). Studies conducted in
human patients with congestive heart failure indicate that the
direct negative inotropic and chronotropic effects of
nifedipine are masked by reflex sympathetic activation (163).
The hemodynamic effects of verapamil are reportedly more
variable than those elicited by nifedipine. Studies conducted
in dogs and humans reveal inotropic and vasodilator effects
similar to those of nifedipine except that reflex tachycardia
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is less likely to occur (95, 158, 159, 164). The reduced
likelihood of verapamil induced tachycardia is attributed to a
more prominent direct negative chronotropic effect (;éi).

Heart rate effects similar to those reported for verapamil have
been reported to occur after the intravenous administration of
diltiazem to human patients and in dogs administered verapamil,
diltiazem, and 2-substituted aminoindenes (§g) 95, 140, léi).

The side effects reported in patients receiving calcium
inhibitory compounds are an extension of the hemodynamic
activity of this group of compounds and generally relate to
drug potency and dilation of regional vascular beds (2§) 131,
160). Depending upon dose, postural hypotension, dizziness,
headache, AV conduction disturbances, pulmonary edema, heart
failure and constipation can occur (6, 131, 166). Cardiac
arrhythmias are a potential problem and if already present,
could become more severe (161). The majority of these side
effects are most frequently reported following nifedine
administration although a greater long-term experience with all
the calcium inhibitory compounds is required before a definite
conclusion can be made regarding their safety. Despite the
limited knowledge concerning the usage of calcium inhibitory
compounds in patients, several authors have adopted general
policies regarding their administration. It is suggested that
calcium inhibitory compounds not be used or administered with
caution to patients with significant SA or AV node disease,
left ventricular outflow obstruction, low systolic blood
pressure, paroxysmal nocturnal dyspnea or orthopnea (léé).
This list of contraindications is certain to increase as the
calcium inhibitory compounds become more popular.

In conclusion, calcium membrane fluxes and variations in
intracellular calcium activity play a pivotal role in
maintaining normal smooth muscle and myocardial cell function.
The slow inward current (Igj) carried principally by Ca2*
serves as the mechanism whereby extracellular Ca2* can enter
the myocardial cell to initiate or trigger excitation-
contraction coupling. Although the mechanism(s) of calcium
inhibitory compounds are disputed, the net effect of their
administration is a reduction in intracellular calcium activity
leading to a variety of beneficial and potentially deleterious
effects. Because of the ability of calcium inhibitory
compounds to regulate calcium activity and, therefore, a
variety of cellular functions, they are potentially beneficial
as therapy for angiospastic angina (167, 168), angina due to
mechanical coronary artery occlusion_rfié¥giét aggregation)
(169), cardiac arrhythmias (126), arterial hypertension (170),
acute or chronic left ventricular failure (166), myocardial
ischemia and infarction (158, 163), myocardial salvaging
(cardioplegia) (153), cardiomyopathy (171) and varlous
vasospastic syndromes (}13). Compoundg_aemonstrating calcium
inhibitory activity require further development and refinement
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before current understanding of the excitation-contraction
coupling process and the total usefulness of this group of
compounds as therapeutic agents can be fully realized.
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Control of Intracellular Calcium in Smooth
Muscle

E. E. DANIEL, A. K. GROVER, and C. Y. KWAN

McMaster University Health Science Centre, Department of Neurosciences,
Hamilton, Ontario, Canada L8N 3Z5

Control of intracellular calcium in smooth muscle
cells is essential for control of the contractile
stgte of the cells. Elevation of intra-cellular

Ca is achieve§+by opening membrane channels for
transport of Ca~ down its electrochemical gradient.
The nature of these chagpels and their interaction
with drugs including Ca” antagonists are briefly
considered. In sgme smooth muscles, elevationzgf
intra-cellular Ca can occur by release of Ca
sequestered in the cell; the role of this process

in initiation of cogiraction is unclear. Lowering

of intracellular Ca to maintain or allow relax-
ation may utilize a variety of mechanisms. The

major focus of this article is to summarize and eval-
uate the data showing that the plasma memE;ane plays
a major role in lowering intracellular Ca . This
evidence has been obtained by isolating and purify-
ing plasma membrane vesicles and studying their trans-
port prgperties. They possess a vectorial ATP-depen-
dent Ca transport sy iem capable of accumulating
1000-fold or higher Ca” gradients. The properties
of this system are described. 2zlasma membrane ve-
sicles also possess a Na - Ca exchange system and
ATP-independent binding mechanisms. The direction

of future research to evaluate the contributia s of
these systems to control of intra-cellular Ca is
discussed.

Control of intracellular Ca2+, [Ca2+], in uterine and other
smooth muscles is essential for control of tension production.
Studies of smooth muscles with plasma membranes damaged by glyce-
rol (1) or non-ionic detergents (2,3,4) or of isolated contractile
protein_?rom sgooth muscle (5,6,7) all suggest that with legs

10 ° M Ca”, no active tension is produced while at 10 - M
Ca ; or perhaps less, maximum active tension is produced.
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Elevation of free Mg2+ increases the Cazf concentration require-
ment slightly (i). Intermediate concentrations lead to graded
changes in tension. e obvious problem is how the smooth muscle
cells can regulate Ca ; over this range.

Elevation of [Cazz]

Increases in [Cazi] are, at first glgpnce, easy to aggieve
since the external Ca2?t concentration [Ca“il is abgvt 10 ™ M,
100 to 10,000-fold higher than internal Ca’t (< 10" M in relaxed
muscle) and the transmembrane electrical 8 adient is =40 to -60mv,
inside negative. Opening of an inward Ca” leak down t9$ electro-
chemical gradient is thus an obvious way to increase Ca it How-
ever, this leak must be capable of being opened and closed on
command; the opening commands identified experimentally (8,9) are
decreas " in the transmembrane voltage gradient (voltage-depen-
dent Ca” channels) or activation by occupation,(by a neurotrans-
mitter or hormone) of a recepta linked to a Ca channel in the
membrane (receptor operated Ca” channel). The latter can open
without membrane depolarization (10,11), even accompanied by hyper-
polarization (12). Whether they are also sometimes voltage-sen-
sitive requires further study (see Bolton for review of these
channels (9). Contraction believed to occur by Ca influx without
depolarization by opening of receptor-operated channels, has been
termed pharmacomechanical coupling; that believed to occur with
depolarization by opening of voltage-dependent channels has been
termed electro-mechanical coupling (10). 1In 20y (but not all)
smooth muscles (see §,2), voltage-operated Ca channels undergo
regenerative increases in conductance on partial depolarization
1i those to Na in nerve and skeletal muscle; this results in
Ca,, spikes or action potentials (13,14,15,16). Voltage operated
Ca channels show inactivation; i.e., they do not remain ope +in-
definitely (13-16). Furthermore, triggered by increase in Ca N
near the membrane, there is often an increase in K conductance,
leiging to hyperpolarization of £he cell membrane and closure, of
Ca” channels (17-19). Since [K;] is usually > 150 mM and [Ke]
is about 5 mM, the electrochemical equilibrium for a membrane
passing mostly K currents occurs at about -90 mv. Hyperpolari-
zation activated by elevation of internal Ca is a widespread
phenomenon in natu§$, occurring in many cell types (21,22). Either
inactivation of Ca channels on continued depolarization or their
closure on repolarization can help terminate contraction or lead
to refractoriness. 24

Not only are voltage-depend§¥t transmembrane Ca” channels
closed by,inactivation and by Ca”, induced hyperpolarization secon-
dary to K —-conductance increase, they are also affected by inhi-
bitory neurotransmitters and hormones (see 9). Occupation of the
membra&e receptors for these agents opens conductance channels
(for K' or C1 or both) or activates vectorial electrogenic,
energy-dependent ion flow (active transport) which hyperpolarize
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the cell membrane and turn off voltage dependent Ca2+ channels.
One would expect membrane hyperpolarizaEion by any mechanism to

be in- or less effective in reducing Ca” influx via receptor-
operated than voltage-dependent channels; but this does not appear
to have been systematically studied. Whether receptor-operated
channels are inactivated with time or closed by any other mecha-
nism than removal of the occupying agonist, is unclear.

Methods for Study of Ca Channels; Ca2+-antagpnists

The outlines of mecBinisms for increasing Caz+ influx by
opening transmembrane Ca channels have been worked out using
electrophysiological measurements of transmembrane potentials
(see Bolton, 2),attempting to measure transmembrage currents by
voltage clamp (13-16) or manipulating external Ca * ion concen-
trations and transmembrane potentials (see Bolton, 9) while
studying the effects of various neurotransmitters, hormones or
other agents affecting the contractile state. Lately, these stu-
dies have been stimulated by the availability of "Ca” -antago-
nists", believed to act to block Ca channels, possibly by inter-
acting with them (22,23). However, direct proof of their mode
of action is missing in smooth muscle and taiir mechanisms are
ingsrred from their selective effects on Ca”~ depolarization or
Ca sp}kes (13-16), the competitive nature of their interactionms
with Ca in relation to the effects or t9+contractions (22,23)
and from studies in which La~ -resistant Ca influx was measured
(24,25). So far no one has isolated any Ca channel, identified
it chemically, determined what substance can interact with it or
reconstituted it in a lipid bilayer. Much evide ge suggests a
variety of modes of action of agen $ labelled Ca —antaggnists
(23); eg. besides antagonism to Ca” entry, enhagced Ca” ex-
trusion or sequestration or interference with Ca actions. Thus
the understanding of Ca channels in smooth muscle is based so far
on physiological and pharmacological experiments and inferences
from them; not on study of the physicg]- and biochemistry of Ca
channels. Their regulation by the Ca” regulatory protein, cal-
modulin, has not yet been analyzed.

2+

Ca2+ Increase by Release of Sequestered Ca2+

Surprisingiy, perhaps, there appear to be alternate modes of
in ;easing [Ca”.] in some smooth muscles in addition to opening
Ca channels; 1I.e., by release of Ca sequestered in a fashion
or at a site not allowing rapid and free exchange with the extra-
cellular medium (see 26). It is usually inferred (27,28,29,30)
that sites of sequestration are,jntracellular organelles because
of poor availability of this Ca to washout, calcium chelat-
ing agents (eg. EGTA) or displacing agents (Ei ) in the exter-
nal medium, but the possibility that this Ca” is tightly bound
to the internalor even the external cell surface, possibly in
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sites of impeded exchange (eg. caveo}ie) has not been excluded
(2§). Mechanisms for increasing [Ca i] by release of sequestered
Ca” can be easily confused with pharmacomechanical coupling
since depolarization is not a prereq isite for either; differen-
tiation of release of seq estered Ca from opening of receptor-
operated channels for Ca”~ depends upon quantitative conﬁiderat—
ions of the ease of inh} ition by removal of external Ca  or by
addition of presumed Ca” changel antagonists (see 26).

Release of sequestered Ca” to support contraction often
occurs only with higher doses of neurotransmitters, hormones or
their analogs (28,29), is limited in that only one or a few cgp-
tractile responses can be supported without renewa}+of the Ca
store (27-30), usually requires resupply of the Ca” store from
the external medium rather than recycling from the internal medium
(27-30). It may have mechanistic rather than physiological signi-
ficance, representing an Q;tifact of experimental arrangements
which reveal a site of Ca” binding capable of release by large
concentrations of agoniﬁis. The major question is whether re-
lease of sequestered Ca” plays a central role in excitation-con-
traction coupling.

Ca Extrusion and Sequestration

Ighibition of Ca2+ influx 9% release would not restore [CaZT]
to 10 ° M since any residual Ca” 1leak would be inward. Thus an
exE;usion or sequestering mechanism must be employed to lower
Ca i A sequestering mechanism which cyclically replenishes an
internal store of sequestered Ca” after its release for con-
traction would appear initially to be an efficient way to provide
for relaxation and contraction of smooth muscle. However, it
implies a non-existent isolation of the interail from the exter-
nal fluid, an unlikely directional flow of Ca to and from se-
questering sites or a geographic proximity of these sites to con-
tractile proteins. In fagt, there is clear evidence that an
active (ATP-dependent) Ca extrusion mechanism exists in the
plasma membrane and that it is probably capable of removing Ca
and creating the necessary inward gradient of 1,000 to 10,000-
fold (26,31,32,33,34). This has been established by isolation
of highly purified plasma membrane vesicles and studying their
transport properties (31,32). The nature of the evidence is
the main focus of this paper.

Three maégr areas of controversy exist. First, is there an
additional Ca” transport or sequestering mechanism into endo-
plasmic reticulum or mitochondria and if so, what is its impor-
tance relative to that of the plasma membrane pump? Sgcond, is
there a segond plasma membrane extrusion system for Ca” which
couples Ca extrusion to Na influx using tke energy of the Na
inward gradient created by the well known Na - K pump. Third,
is it the endoBlasmic reticulum or the plasma membrane from which
sequestered Ca” 1is released by some agonists (see above)? This

2+
i
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paper will address only the first two since we are currently just
beginning study of the third question. 24

An operational model for control of Ca , in smooth muscle
would involve the components identified in F%gure 1. An attempt
has been made to suggest what processes and inter-relationships
are established, which are probable, which are uncertain or even
unlikely.

Methods for Study of Ca2+ Transport and Binding by Isolated Mem-
branes.

A standardized approach has been developed for arriving at a
method for isolation of purified plasma membrane from each of
various smooth muscles (31-41; see 26,33,34). It starts with a
very careful dissection to remove all possible cells other than
smooth muscle. Studies have shown that what appears to be a
minor contamination by non-smooth muscle components (eg. fat cells
or adventitia of blood vessels) may markedly affect the overall
properties of the subsequent membrane fractions isolated (36).
Since many smooth muscle organs contain two or more layers of
muscle which often differ in their physiological (42), pharma-
cological (43) and isolated membrane properties (44), it is
always desirable to separate muscle layers and to isolate their
membranes individually. There are inevitably a few fibroblasts
and nerves left in the most carefully dissected smooth muscle
tissue; so far, no one has compared these properties of membranes
from smooth muscle tissue to those from freshly isolated smooth
muscle cells to determine if these residual contaminent membranes
affect the properties of the membranes from tissues; we think not.

The isolated smooth muscle is usually homogenized using a
Polytron at varying speed and duration to attain maximal yield
of plasma membrane with minimal contamination by broken mitochon-
drial membranes. The mitochondria are separated by multiple
applications of differential centrifugation. The resultant micro-
somal membranes are brought down by a high speed spin and then
applied to a sucrose density gradient. In the first instances a
continuous gradient is used and fractions are isolated and then
protein contents and marker enzyme activities or binding noted
(36,45). They include enzyme markers (35), ligands for membrane
receptors (34,35), ligands for specific plasma membrane chemi-
cals and digitonin affinity of plasma membrane cholesterol (46).
Some of these we use are summarized in Table 1. On the basis of
these observations a discontinuous sucrose gradient is constructed
with the objective of minimum contamination of plasma membrane by
other membranes with adequate yield. Figures 2 and 3 contain a
typical example of these procedures and the resultant separation
of membranes based on marker studies. Techniques have been de-
veloped to estimate the purity of plasma membrane and other
fractions (35,36). The purity of plasma membrane in several of
these vesicular fractions is estimated in Table 2 and physical
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Figure 1. Schematic diagram of control of intracellular Ca® in smooth muscle
cells. Key: Ca,** (outside), 10 M and Ca?* (inside), 1077 M.

At top are shown (from left to right): Voltage-operated K* channel (VOC-K) which
tends to hyperpolarize membrane Ca?*-operated K channel (also hyperpolarizing); 1.
Receptor for inhibitory (hyperpolarizing) neurotransmitter; VOC-voltage-operated Ca**
channel; 2. Receptor for excitatory (depolarizing) neurotransmitter; 3. Receptor for
neurotransmitter, etc. which opens receptor-operated Ca®* channel. Ca inside the cell
may be sequestered in mitochondria (M) or endoplasmic reticulum (ER) by ATP-
dependent processes. Of more importance (bottom) are ATP-dependent Ca®* outward
transport (with unknown stoichiometry and counter or co-ion transport) and possible
Ca®**-Na* exchange (with unknown stoichiometry and electrogenicity). This Ca**-Na*
exchange and normal membrane potential and responses to conductance increases depend
upon the maintenance of Na*, K* and voltage gradients by the ATP-dependent, electro-
genic Na pump. Ca? can be bound to membranes inside or out and may be released
by neurotransmitter combination with the receptors (4) which may be the same as the
receptor at 3.
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TABLE I

Markers for Smooth Muscle Mem

Plasma Membrane:

5'-nucleotidase
Phosphodiesterase 1

+
K -Na+ activated Mg2+ ATPase
(ouabain-sensitive)

+ .
K -activated phosphatase
(ouabain-sensitive)

Specific Binding of Agonists or
Antagonists: eg. Oxytocin, PGs,
adrenergic, muscarinic

Digitonin binding

Wheat germ agglutinin binding
Endoplasmic Reticulum:

NADPH cytochrome c reductase

Mitochondria: Inner Membrane
Cytochrome c oxidase
Succinate cytochrome c reductase

Mitochondria: Outer Membrane

Rotenone-insensitive NADH cytochrome c
reductase

Monoamine oxidase

Membrane:

Glucoronidase

Mauscle

branes

References to Use:
35, 37
40
45

37

35
46
35

35, 37, 40

w |w
2 [

79



Publication Date: October 14, 1982 | doi: 10.1021/bk-1982-0201.ch004

80 CALCIUM REGULATION BY CALCIUM ANTAGONISTS

Rat Uterps in Krebs Solution
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N
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Centrifuge 10,000 g

10 min
Mitochondrial rd
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Figure 2. Scheme for isolation of purified plasma membrane fractions from longi-
tudinal muscle of myometrium from estrogenized rats. Variations of the basic
approach are used in various smooth muscles.
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Figure 3. DeDuve plots of relative specific activities (specific activity/specific

activity in PNS) in various fractions. Key to fractions: PNS, postnuclear super-

natant; SOL, soluble; MIT, mitochondria; MIC, microsomes; and N1, N2, N3,

and N4, the discontinuous gradient fractions (see Figure 2). Key to activities: A,

5’-nucleotidase; B, succinate—cytochrome c reductase; and C, NADPH—cytochrome
c reductase.
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properties of our most purified plasma membrane fraction in
Table 3.

Properties of Isolated Plasma Membranes

The Ca binding and transport properties of these membranes
have been studied; both passive (ATP-independent) and active (ATP-
dependent) binding occur; in addition, at least in vesicles in
which the plasma membranes are oriented inside-out (egtimated to
be 40%,in one case, 47), there is an ATP-dependent Ca transport.
The Ca is accympulated inside these vesicles, and > 1,000-fold
gradients of Ca across the vesicles membrane have been estima-
ted. Since a tra&svesicle membrane potential was not knowingly
produced, the Ca accumulations may represent the gradients
possible with voltage operated channels open. On the other hand,
these channels may hﬁ e been damaged or inactivated during mem-—
brane isolation. Ca accumulated inside properly oriented ve-

icles is slowly released when they are diluted into Ca-free or

Ca-free mgdia; it is rapidly, almost instantaneously released
when the Ca” -selective ionophores (A23187, ionomycin, or X537A)
are added (31,35,36,39).

In unpublished studies we have found the Ca ATP-dependent
transport by plasma membrane vesicles to be enhanced by calmodulin
and inhibited by phenothiazines and to be stimulated by c-AMP
dependent protein kinases. The mechanisms of action of these
modulating systems and the physiological functions remain to be
determined.

Na+ - Ca2+ Exchange

These plasma membrane vesicles, at lgast in th two cases
examined to te (33,48), can exchange Ca for Na ; There is
increased Ca uptake when an outwardly directsi Na gradient
is formed across the, vesicles and increased Ca efflux when an
inwardly directed Na gradi nt is iormed. These effects could
not be duplicated by K', Rb or Cs gradients, and Li gradients
had only a slight ability to effect these changes. Furthermore,
the Na -gradient supported Ca-uptake can also occur, against a
net outward Ca-gradient (unpub}ished data). The Na selective
ionophore, monensin, or the Ca” selective ionophore, A23187,
each abolished these effects. Thus, it is impossihle to e§Rlain
these results in terms of a competition between Na and Ca for
binding to anionic sites on the plasma membrane; rath the Na
gradients must be providing the energy for driving Ca” in the
opposite direction. This, of course, does not exclude an addi-
tional role plixed by binding interactions between Na or other
cations and Ca™ .

What role this exchange system plays in the intact cell, re-
mains to be decided. Studies,of intact cglls in vitro suggest,
oy 29t 1k g4ls in vitro

not surprisingly, that for Ca i Na - Ca exchange cannot
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Table II

. . + .
Estimated Purity of Plasma Membrane Fractions

References
Rat Myometrium: Nl > 95% 31, 35, 46, 47
N, v 607"

Rat Mesenteric Artery: F1 70 - 80% 36

Rat Fundus: F2 70 - 80% 33, 40

Rat Mesenteric Vein: F1 70 - 807 38

Rat Vas Deferens: F2 70 - 807 33, 40
Canine Trachealis: F2 70 - 80% 37

Canine Gastric Corpus: F3 ~v70 - 80% 39

(circular muscle)

<+
No fractions of endoplasmic reticulum were so far obtained.

> 507% purity.

++Most of the impurity in this fraction appears to be attach-

ed contractile protein (31, 46).

Table III
Physical Properties of Rat Myometrium Plasma Membrane
References

Density: 1.08 - 1.03 g/ml 31
Size: Smooth surface vesicles

with cross-sectional dia-

meters of 0.05 - 0.5 um
Trapping Volume: 1 - 3 pl/mg protein using 47

sucrose and 4 - 5 ul/mg
using inulin (unpublished)

Protein:
Phospholipid Ratio: vl (w/w) unpublished
Orientation: 20% broken 47

40% sealed rightside-out

40% sealed inside-out

83
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provide a complete control (49,50) but may participate in regu-
lating it by affecting Ca fluxes (30,51).

In the isolated plasma membrane vesicles which we stugied,
the Na -pump was not activated (no ATP present) and the Na
gradients were shortlived (1 to 3 minutes). Also, these isolated
vesicles may have no transmembrane potential difference unlike
the intact cell; so the total electrochemical gradient was less.
Fuxthermore, they probably have an increased leak of both Na and
Ca” through their membrane. The absE ce of ATP may have reduced
the affinity of exchange sites for Ca” . All these ncertainties
limit the conclusions about the potential role of Na - Ca ex-—
change that should be dra at this stage. Nevertheless, the
maximum initial'rate of Ca trangport (from a medium containing
40 uyM free Ca” ) driven by the Na griiient was comparable to
that effected by thezéTP—dependent Ca” pump (from a medium con—
taining 1 uM free Ca” ') (34). This rate was obtained wyith a Na
gradient of about 20-fold. 1In the intact cel the Na -gradient
is probably about 10-fold and the intergal Ca2 concentration
during relaxation is 0.1 uM; so this Na -,Ca exchange system
may operate rapidly only where internal Ca” concentrations are
elevated. + 24

A final judgment cannot be made until Na - Ca~ exchange
has been studjed under optimal conditions in the presence of a
maintained Na gradient in isolated plasma memBianes and intact
cells. The stoichiometry, electrogenicity, Ca” -gradient depen-
dence, Na -gradient dependence, as well as influence of ATP and
various 1egu1a§ing factors need to be determined. Variation be-
tween Na - Ca” exchange in plasma membranes of different smooth
muscles is to be expected, adding to present uncertainty.

A sim}iar suggestion has been made that internal sequesE;a—
tion of Ca~ by mitochondria occurs oply at high internal Ca
concentrations, based on their low Ca content in studies using
x-ray diffraction analysis of sections rapidly Eiozen to minimize
trgpslocations (52,53) and on studies of the Ca” dependence for
Ca transport (54,55). 1In humig myometrium, however, isolated
mitochondria could transport Ca from concentrations less than
1 uM (56).

Endoplasmic Reticulum and Regulation of CaZI

Based largely on analogy to riated muscle, it has become
a dogma that the major site of Ca” sequestration and transport
in smooth muscle is in the endoplasmic reticulum (ER). The best
positive evidence for this consists of studies by electron probe
of rapidly frozen muscles (52,53,57); so far only large blood
vessels of guinea pig have been studied and in them Ca” was re-
poxted to be accumulated in ER under conditions when intracellular
Ca” was increased by K -depolarization and even in relaxed
muscle. This method has important limitations; it would not
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detect a Ca2+ transport function by plasma membrane since the

Ca is transporte§+into the extracellular space. Also its abi-
lity to resolve Ca” bound to one surface of a biological mem-
brane is not established. Finally no quantitative study of Ca
translocations during preparations of specimens is available.
Other problems exist for application of this evidence to provide
general support for the dogma. First, many smooth muscle cells,
especially small arteries, veins, and some gut muscles contain

a small volume of ER, insufficient to provide for accumulation of
the necessaxy Ca” . Second, to function as a major functional
site for Ca” accumulatiopy, during repetitive contraction cycles,
ER must either release Ca” again after accumulation or in some
way translocate it to the exterior. No direct evidence for
either of these processes exists in fully studied smooth muscles
(see above). Third, no one has been able to,jsolate a highly
purified ER fraction with the appropriate Ca transport proper-—
ties. Instead, crude microsomal fractions containing a large
amount (probably its major i—transporing component) of PM have
been used. The observed Ca transport properties were in most
cases related to this membrane. However, Carsten and Miller (58)
have isolated from bovine myometrium a membrane fractiog+apparent—
ly denser than PM and with the ability to accumulate Ca in an
ATP-dependent, oxalate-stimulated manner. We have found in one
tissue, rat vas deferens (41), that in addition to plasma mem-
brane there was a denser fract}gn enriched in NADPH-cytochrome c
reductase which had similar Ca transport properties. Thus, it
seems probable that endoplﬁimic reticulum, at least in some smooth
muscles, can accumulate Ca and in mus§$es where present in
sufficient amounts, may be a site of Ca sequestration. Proper-
ties of these ER membrane fractions have not been studied in de-
tail; also they contain much plasma membrane, making interpreta-
tions tentative. evelopment of highly purified ER fractions and
study of their Ca” handling properties is an obvious goal for the
next several years.

The Future Study of Isolated Membranes

The ultimate goal of studies of Ca2+ handling by isolated
membrane system is to study under biochemically determined con-
ditions the molecular events of excitation - contraction coupling.
Such studies could settle all controversies if ey are able to
show that appropriate agonists gpen or close Ca channels or
release bound or sequestered Ca” under defined conditions with
pure membrane fractions and that these events are sufficient to
account for the events observed in the living cell. We have
arrived at the stage of technical achievement with regard to mem-
brane isolation and study that we can consider that these goals
are within reach.
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Calmodulin is a Caz+—binding protein which has
a broad, if not ubiquitous, distribution in the
tissues of eukaryotes. The binding of ca?* occurs
with high affinity (in the submicromolar to micro-
molar range) and results in changes of calmodulin
conformation. Calmodulin Bhysically interacts with
and confers reversible, Ca +>dependent activation
upon a number of enzymes which catalyze rate
limiting reactions in various metabolic processes.
Included among these enzymes are forms of cyclic
nucleotide phosphodiesterase, adenylate cyclase,
myosin light chain kinase, phosphorylase kinase,
glgcogen synthase kinase, NAD' kinase, and (Ca2+ +
Mg +) ATPase. Various antipsychotic drugs, such as
the phenothiazines, bind to the ca2t - calmodulin
complex blocking the activation of these enzymes.

Calcium ion is widely recognized as a major
regulator of intracellular metabolism in eukaryotes.
The cation is frequently involved as a coupling
factor linking diverse humoral stimuli to resultant
cellular responses. Calmodulin appears to function
as a major, if not the predominant, intracellular
receptor for cal+, coupling changes in intra-
cellular free Ca2* concentrations to subsequent
cellular responses.

The evolution of primeval life forms into complex multi-
cellular organisms required the concomitant development of effec-
tive intercellular communication systems for coordinating essential
functions. In higher animals intercellular signaling occurs
rapidly via the activation of electrochemical transmission through
various neural networks or, more slowly, through the release of
humoral substances into the circulation. By virtue of its regu-
latory actions on cellular processes, calcium ion functions
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prominently in these signaling systems both in the generation and
reception of messages. The elevation of intracellular free caZ+
by a variety of stimuli is well-established to increase the acti-
vities of various enzyme systems involved in specialized cellular
processes (1,2). Included are such processes as cell motility,
muscle contraction, and exocytotic secretion from exocrine,
endocrine, and nerve cells. The mechanisms by which various bio-
chemical signals are selectively received and translated by the
cell plasmalemma into increased concentrations of intracellular
free Ca2t are incompletely understood. It does appear likely,
however, that the increased rate of phospholipid turnover in the
plasmalemma observed in response to the binding of many hormones
may prove to be involved in the creation of or opening of ca2+
channels (§). Calcium ions would then proceed down a concentra-
tion gradient into the resting cell (= 10-7 M) from the inter-
stitial fluid (1 mM) triggering subsequent responses. Alterna-
tively, other systems, such as skeletal muscle, may predominantly
involve release of internally sequestered ca?t. One of the more
interesting features of intercellular communication is that a
multitude of humoral signals (first messengers) are translated by
the plasmalemma into changes in concentration of a restricted
number of common intracellular denominators (second messengers).
At present Ca2* and adenosine 3',5"'-monophosphate (cAMP) are the
best established putative second messenger substances, although
other candidates, such as guanosine 3',5'-monophosphate (cGMP),
have also been suggested.

The translation of Caz+—dependent signals into biological
responses should predictably involve intracellular ca?t recaptors
capable of rapidly and reversibly binding the cation in the range
of concentrations believed to occur physiologically. Free_Ca +
concentrations are believed to vary from approximately 107/ M in
resting cells to perhaps 1073 M in maximallg stimulated cells.
Various Ca2+¥binding proteins which bind Ca?t in this range of
concentrations have been isolated and characterized. These
proteins include the two forms of troponin C from skeletal and
cardiac muscle, parvalbumin, a vitamin D inducible protein,
calsequestrin, and calmodulin. Calsequestrin appears to function
exclusively in Ca2* accumulation by endoplasmic reticulum. With
the exception of calmodulin, the other proteins are of limited
distribution and function in tissue specific responses (Table I).

Calmodulin, by contrast, is distributed throughout most, if
not all, eukaryotic cells from both animal and plant sources. It
has not been reported to exist in bacteria. Calmodulin varies in
concentration from tissue to tissue with mammalian brain (4) and
testis (5) and the electroplax of Electrophorus electricus (6)
possessing particularly high content. While the protein has been
found to be predominantly cytoplasmic in subcellular fractiona-
tion studies, substantial amounts are particulate-associated as
well. Binding of calmodulin to particulate fractions is
increased by Ca2+, appears to occur at specific sites (7,8), and
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is saturable, reversible, and temperature and trypsin sensitive.
Calmodulin has been found by indirect immunofluorescence tech-
niques to be distributed generally throughout the cytoplasm of
interphase proliferating cells in tissue culture (9,10). At
mitosis the protein was found to associate with the mitotic appa-
ratus. Calmodulin has been reported to associate with cytoplasm,
nucleus, plasma membrane, and glycogen particles in rat liver
tissue slices (11). Related distributions were found for adrenal
and skeletal muscle slices.

The most interesting property of calmodulin is that it
confers reversible, Caz+—dependent activation upon a series of
enzymes (Table II). By virtue of physically interacting with a
group of otherwise unrelated enzymes and shifting their respec-
tive conformations to active species, calmodulin serves in the
capacity of a multifunctional calcium receptor protein. The
versatility of calmodulin as an activator of diverse enzymes may
be unique among non-catalytic regulatory proteins. It is this
feature which has generated the remarkable current interest in
the biochemistry and pharmacology of the molecule. Subsequent
text in this article will be concerned with briefly detailing the
properties, functions, and pharmacology of calmodulin with the
emphasis on some of the most current advances. The text is con-
ceived as an extension and updating of a recent review summa-
rizing information through mid-1980 (12). For additional infor-
mation and alternate viewpoints the reader is referred to a number
of other recent reviews (13-18).

Physical and Chemical Properties of Calmodulin

Calmodulin has been purified to homogeneity from a variety
of animal sources and characterized extensively. The protein is
remarkably similar in terms of amino acid composition and tryptic
peptide mapning patterns from one source to another (12).
Comparisons of complete sequencing data for calmodulin from
bovine brain (148 amino acid residues) (20) with partial sequen-
cing data from bovine uterus (21), rat testis (22), and the
coelenterate, Renilla reniformis (23) show only minor differences
in primary structure. These differences almost exclusively
involve conservative amino acid substitutions or changes in
amidation states. The nucleotide sequence of the calmodulin
structural gene also appears to be conserved. In a preliminary
study (24), a cloned calmodulin structural gene corresponding to
amino acid residues 93-148 from Electrophorus electricus has been
found to hybridize with total genomic DNA preparations from
electric eel kidney, hen liver, human placenta, and wheat germ.
Discrete hybridization bands were found for all DNA preparations
except that of wheat germ, which hybridized in a diffuse manner.

Based on a sequence of 148 amino acid residues, calmodulin
has a calculated molecular mass of 16,800, which lies about
midway in a series of reported values determined by sedimentation
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Table I

Distribution and Putative Functions of
Selected High Affinity Calciproteins

Protein Distribution Proposed Functions

calsequesterin muscle,brain intracellar CaZ+ storage

vitamin D intestine,kidney ca2+ absorption,
inducible reabsorption

troponin C skeletal and regulation of contraction

cardiac muscle
parvalbumin skeletal muscle unknown

calmodulin ubiquitous multi-functional

Table II

Putative Calmodulin-Dependent Functions and Enzymes

Reviews or other

Functions Enzymes citations
cyclic nucleotide cyclic nucleotide 13,14,17
metabolism phosphodiesterase
adenylate cyclase 13,53
guanylate cyclase 52

(Tetrahymena)

glycogen metabolism phosphorylase b kinase 48,54
glycogen synthase kinase 55
smooth muscle myosin light chain 13,17,18,56
contraction kinase
NAD* conversion to NADY kinase 57
NADP

caZt transport (caZt + MgZ+)ATPase 13,17,18,58
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equilibrium and sodium dodecylsulfate analytical gel electro-
phoresis methodology. The protein appears to exist primarily in
solution in the monomeric form. Calmodulin from animal sources
possesses one histidine, no tryptophan or cysteine, and one tri-
methyllysine residue. A low content of aromatic amino acids with
a preponderance of phenylalanine to,tyrosine generates the low
molar extinction coefficient ( € 1% 2 1.8). A predominance of
acidic to basic amino acid residues yields a low isoelectric
point (3.9) and the protein binds strongly to histones and other
basic peptides (25-27).

The enzymatic methylation of calmodulin in rat brain cyto-
solic preparations has recently been investigated (28). Methyl
group transfer from S-adenosylmethionine occurred principally
into € -trimethyllysine residues and was inhibited by EGTA.
Methylation was stimulated by divalent cations, with Mn
providing the highest rate. It is unclear, however, whether the
effect of the cation was enzyme or substrate directed. While the
trimethyllysine residue of calmodulin has received considerable
attention because of its rarity in protein structures, the
residue is not apparently required for calmodulin to activate
enzymes (29).

The amino acid sequence of calmodulin is arranged in four
domains possessing substantial degrees of homology. Starting
from the amino terminal end, the extent of homology is greatest
between the first and third domains and between the second and
fourth. One Ca2* binding site is believed to reside in each
domain. It has been suggested that these homologies may have
originated from the occurrence of genetic redundancy in the genome
for calmodulin in early ancestral cells (20).

As discussed previously (12), there is general agreement that
calmodulin binds four Ca?t per molecule. The values reported for
the respective binding affinities, however, have been discrepant,
apparently because determinations were conducted under varying
experimental conditions. Most frequently two types of binding
sites have been reported, based on data from equilibrium dialysis,
with (degending on the report) one class of sites binding two or
three Ca’t with Kq values ranging from 0.2 to 4 uM and the other
class binding one to three Ca?t with K4 values ranging from 1 to
800 uM. There is also good evidence that other divalent cations
compete for these sites raising the apparent K4q for ca2t, Such
competition is apparently not observed in binding studies con-
ducted with EGTA buffers (5,30). A reappraisal of ca2t binding to
calmodulin utilizing equilibrium dialysis at 100 uM KC1l has
recently been reported (31). A series of K4y values ranging from 3
to 20 uM were calculated for the binding of Ca2* with some indi-
cation of positive co-operativity (Hill co-efficient 1.33).
Binding at the first site apparently induced conformational
changes in the protein facilitating binding of Ca2t at the second
but not at the third or fourth sites. Conformational changes
affecting the environment of the aromatic amino acid residues of
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calmodulin as measured by U.V. absorption and near U.V.-circular
dichroic spectroscopy were largely completed upon the binding of
2 mol Ca2*/mol protein, in agreement with previous findings
regarding spectral (5,32-34) and NMR (35) changes occurring as a
function of Ca2+ concentration.

It has been suggested that tyrosine fluorescence measurements
conducted in conjunction with terbium binding to calmodulin allow
the determination of the sequences of ion binding to the four
domains (36). Through comparison of mammalian calmodulin, which
has a tyrosyl residue at position 99 (domain III) and at position
138 (domain IV), with invertebrate calmodulin, which has only one
tyrosyl residue (analogous to the mammalian position 138), the
sequence of binding by this technique was reported to occur first
at domains I and II (no tyrosyl residues), then to III, and then
to IV.

A very recent binding study (37) appears to resolve some of
the discrepancies in the earlier literature. Intrinsic binding
constants for K*t, Mg2+, and Ca2* for each of the four cation
binding sites were derived from flow dialysis data in conjunction
with mathematical modeling. These cations bound competitively to
the same sites. Binding constants determined for the four sites
in the absence of competing cations ranged from 0.13 to 1.3 uM
for Ca?t and 1.5 to 11 mM for K*. Constants for Mg2+ at 20 mM
kt ranged from 0.4 to 1.5 mM for the four sites. These constants
increased at 200 mM Kt to range from 2 to 5 mM for three sites,
the fourth being undetermined. From an extensive mathematical
treatment, it appeared that each site had a somewhat different
affinity for a given cationic species; however, no two cationic
species had the same rank order of affinities. The rank order of
affinities for ca2+ appeared to support the earlier order of
addition established for terbium binding (36). In the absence of
competing cations or at 20 mM K+, Ca2t bound to three sites with
similar, high affinities and at a fourth site with poorer affi-
nity, as had been observed previously (33). The apparent positive
co-operativity reported earlier (31) in the binding of Ca2* to the
first two sites of calmodulin arose in a complex manner involving
the displacement of K¥.

Spectral changes accompanying the binding of ca2t are usually
interpreted as reflecting an increase in helical content (33,38).
While substantial spectral changes are reported in the literature,
most measurements have involved comparison of the ca2*-saturated
form with the inactive, Ca2t-free form. Similar but somewhat less
extensive conformational changes occur in calmodulin exposed to
Mg2+, without providing a complex capable of activating calmo-
dulin dependent enzymes (33). It is likely that the conforma-
tional changes occurring in calmodulin allowing formation of an
activating protein species in vivo involve displacement of Mg2+
and Kt by ca2t and are probably rather subtle. In this regard it
should be noted that the binding of 2 mol ca?t/mol calmodulin,
which is sufficient to generate most of the observed spectral
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changes, is apparently inadequate to provide activation of the
calmodulin-dependent Rhosphodiesterase (31). 1In addition to
spectral changes, ca? alters the sensitfvity of the protein to
proteolysis (39) and chemical modification (38, 40-41) and
increases the surface hydrophobicity of the E?btéih‘igg), all of
which are indicative of the occurrence of conformational changes.

Native calmodulin has in general proven to be a poor antigen
for the reproducible preparation of antisera of useful titer and
of high affinity, although there have been some reported
successes (43). Most of the antibodies which have been prepared
against either native o§+ﬁerivitized calmodulin have not differ-
entiated between the Ca’'-free and Cat-saturated conformation.

A recent study has compared the efficacy of various calmodulin
derivatives in producing reproducible and high titer antisera
(44). Calmodulin preparations injected as either the native
protein or injected following treatment with sodium dodecyl-
sulfate, coupling to hemocyanin with carbodiimide, derivitized
with dinitrophenol, or adsorbed to alumina did not elicit repro-
ducible production of high titer antisera. Performic acid
oxidation of the methionyl amino acid residues to methionyl
sulfone residues provided rapid and reproducible production of
anti-calmodulin sera of high specificity, affinity, and titer for
both the derivative and native calmodulin. These antisera did
not, however, differentiate between the CaZt-free and caZt-
saturated conformations. A major immunoreactive site was pro-
posed to reside in the 18 residues at the carboxyterminal end of
calmodulin on the basis of the reactivity of peptides prepared
by trypsin and cganogen bromide cleavage.

An azido-125I-calmodulin derivative suitable for labeling
calmodulin binding proteins by photoaffinity has recently been
described (45). Azido-calmodulin retained the ability to
interact with and activate the calmodulin-dependent phosphodies-
terase in a Ca2+—dependent manner. Upon photolysis calmodulin-
binding subunits of the enzyme formed l:1 crosslinked complexes
with the derivative. Crosslinked products were not obtained with
incubations performed with EGTA or in large excess of unmodified
calmodulin. Following photoaffinity labeling the calmodulin-
dependent ATPase from red cells was found to be irreversibly
activated by the derivative.

Crystallization of calmodulin from rat testis (ég) and
bovine brain (47) has recently been reported. Somewhat different
methods of crystallization were utilized in the two preparationms,
with crystallization apparently occurring in different modes.
Testis calmodulin crystals grown from solutions of 2-methyl-2,4-
pentanediol were described as being triclinic, space group Pl,
with one calmodulin molecule per unit cell, and diffracting with
resolution beyond 2.5 A. Brain calmodulin crystals produced in
solutions of polyethylene glycol were described as being of space
group P2; with two monomers calmodulin per unit cell, and
diffracting with resolution beyond 5 A.
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Mechanism of Enzyme Activation by Calmodulin

Current understanding of the mechanism by which calmodulin
induces enzyme activation has been discussed in some detail pre-
viously (12). All enzymes known to be activated by calmodulin
(Table II) with the exception of phosphorylase b kinase (48),
readily dissociate from the grotein on anion exchange columns
when chromatographed with Cat chelators. Regulation of disso-
ciable enzymes by calmodulin (C) is generally believed to occur
through two sequential, fully reversible mass action expressions:

+
nCa? +C=(Caz+) C (1)
n

X (Caz+) C + enzyme —_
n (inact) +—

2+
[(Ca )nC]X-enzyme(act) )

In this model Ca2+ first binds to calmodulin producing a
protein conformation capable of enzyme activation (Eqn. 1). This
species then associates with the inactive form of the enzyme
forming an activated ternary complex (Eqn. 2). Enzyme activation
appears to result from a conformational change induced in the
enzyme structure from the binding of X Ca2t.calmodulin complexes.
At present the number (n) of CaZ+ required for enzyme activation
is in dispute. Indeed, it has been suggested that the number may
vary from one enzyme species to another (36,37). At 1-3 mM Mg2+
an activating complex for the cyclic nucleotide phosphodiesterase
with n equal to 3 (30,33) but not n equal to 2 (31) has been
reported. Another report, however, derived an n equal to 4 for
this enzyme (49). An n equal to 4 has also been reported for the
myosin light chain kinase (50). These determinations are largely
based upon complex analyses of kinetic data and involve various
assumptions, some of which might not necessarily be irrefutable.

The value of X (Eqn. 2) appears to be variable depending on
the number of binding subunits for a given enzyme. For example,
the cyclic nucleotide phosphodiesterase is frequently described
as being a dimeric molecule with each of the two monomers capable
of binding one molecule of calmodulin. Similarly, the myosin
light chain kinase is reported to bind one calmodulin molecule
per subunit (51). Multiple calmodulin binding sites per monomer
have not as yet been described for any enzyme with the possible
exception of phosphorylase b kinase.

Dissociation of the ternary complex presumably could proceed
via a direct reversal of Eqn. 2 or as a consequence of a disso-
ciation of Ca2* from the ternary complex followed by reversion of
calmodulin to an inactive conformation and separation from the
enzyme. Data are not currently available to distinguish whether
one or both types of dissociation prevail. It is also not known
whether the ternary complex has a higher affinity for ca2* than
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does free calmodulin. As discussed previously (12), the Ca2t
sensitivity for enzymes produced by this model would be a func-
tion of (a) the concentration of calmodulin in the system, (b)
the concentration of cations competing for the ca2+ binding
sites, and (c) the relative affinity of the inactive enzyme for
the Ca?t-calmodulin complex. While the above model is consistent
with the literature currently available regarding the activation
of various enzymes by calmodulin, the possibility exists that it
may ultimately prove to be overly simplified.

Regulatory Roles of Calmodulin

As emphasized in Table II, calmodulin confers Ca2+—dependent
activation upon a remarkable variety of enzymes, with others
probably remaining to be discovered. Each of these enzymes
appears to catalyze a rate limiting reaction in the tissues where
it is found. For systems possessing these enzymes, calmodulin
appears to function, in effect, as an intracellular Ca2+-receptor
protein which couples stimuli-provoked changes in free ca2+ con-
centration to enzyme activation and the generation of cellular
responses. While there is evidence that a multiplicity of cell
functions may be potentially regulated in this manner (Table II),
species and tissue variations exist. That is, a given process is
not necessarily subject to calmodulin-dependent regulation in
each cell type where it occurs. For example, the calmodulin-
dependent forms of cyclic nucleotide phosphodiesterase and
adenylate cyclase are of limited tissue distribution with the
phosphodiesterase being the more widely distributed of the two
(13). Also, although guanylate cyclase is a widely distributed
activity, only Tetrahymena has been found to possess a calmodulin-
dependent form (52).

Space does not permit a detailed review of the biochemistry
of each of the enzymes activated by calmodulin, although an
extensive and interesting literature is available. The salient
features of some of the more recent literature pertaining to
these enzymes is available elsewhere (12). More extensive
reviews also exist for the older literature pertaining to most of
these enzymes (see citations in Table II).

Pharmacologic Considerations

The possibilities for pharmacologic intervention in
calmodulin-dependent processes would appear to be quite promising,
although largely undeveloped at this time. Modes of inter-
cession could include the development of (a) inhibitors of acti-
vation acting on the calmodulin molecule itself or on one or more
of the activatable enzymes, (b) agents shifting the conformation
of calmodulin to the active form or increasing the affinity of
activatable enzymes for the Ca2t.calmodulin complex, and (c)
drugs which substitute for calmodulin in the activation of one or
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more of these enzymes. As discussed previously (12), very few
substances have been shown to substitute for calmodulin as alter-
nate enzyme activators. For example, among related CaZ+ binding
proteins even troponin C, which has a 77% amino acid sequence
homology with calmodulin, does not appear to activate calmodulin-
dependent enzymes. Good evidence, however, has been reported
that a 11,500 Mr Ca2t binding protein isolated from rat hepatoma
will activate the calmodulin-dependent phosphodiesterase (59).
Based on different tryptic peptide mapping patterns and a lack of
immunocrossreactivity, the hepatoma protein appeared to be struc-
turally different from calmodulin. Enzyme activation required
approximately 10-fold more tumor protein than calmodulin on a
molar basis, occurred at an equivalent Ca2* concentration, and
was reversed by ca2* chelation. The calmodulin-dependent phos-
phodiesterase (60) and ATPase (61) activities can be activated

by various phospholipids independent of the presence of ca2t or
calmodulin. These observations provide a basis for predicting
that pharmacologic substitutes for calmodulin are potentially
derivable. Pharmacologic agents have not as yet been developed
which shift the apparent K for calmodulin of dependent enzymes.
In this context, however, it should be noted that basic proteins
(26-27) and several calmodulin-binding proteins of unknown
function (62-63) have been reported to increase the apparent K
for calmodulin of various enzymes. Also Mg2+ reportedly
decreases the apparent Ky of the phosphodiesterase for calmodulin
(64), and GTP and F~ decrease the apparent Ky of the adenylate
cyclase for calmodulin (65).

Various psychoactive drugs are well-established to inhibit
calmodulin-dependent enzymes, with the phenothiazine antipsy-
chotics currently being among the most potent agents (12,13,66).
Such inhibition is reversed by increasing the concentration of
calmodulin in_the incubation (60,65,67-68) but not the concen-
tration of Ca2*. These inhibitory actions arise as a consequence
of the binding of 2 moles phenothiazine with high affinity
(Kqg 1-10 uM) to the ca2*.calmodulin complex (69). Binding of the
phenothiazines to the protein is rapid and normally considered to
be Ca2+—dependent, although the drugs will also bind to
calmodulin complexed with Sr2+, Ni2+, coZt, zn2t or Mn2* but not
with Mg2+ or BaZt (69). Binding is reversed by chelating agents
(69) and is non-stereospecific with respect to other antipsy-
chotic drugs which have stereoisomers (70,71). Phenothiazines
are believed to bind to the active conformation of calmodulin
preventing the protein from interacting with and activating
calmodulin-dependent enzymes.

Although calmodulin has certain properties which might be
predicted for a phenothiazine receptor protein, it is inappro-
priate to assume that all enzymes inhibited by these agents have
a calmodulin requirement. The phenothiazines have lipid solu-
bilities and detergent properties that provide a wide range of
effects on membranes and membrane-associated processes (72,73)
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which are probablv independent of calmodulin. Forms of adenylate
cyclase found not to be activated by ca?t and calmodulin are
inhibited by phenothiazines (74). For example the dopamine-
sensitive adenylate cyclase from brain is exquisitely sensitive
to inhibition by trifluoperazine (K; = 8 x 10~9 M) (75). It is
also of interest that the activation of the cyclic nucleotide
phosphodiesterase by the non-calmodulin, hepatoma Ca2+ binding
protein discussed above is inhibited by phenothiazine (59).
Troponin C, which is not an activator of the phosphodiesterase,
also binds phenothiazines (69).

It has been reported that high affinity, Ca2+—dependent
binding to calmodulin appears to be a general property of clini-
cally effective antipsychotic agents and that this binding
parallels the potency of these compounds to inhibit calmodulin-
dependent phosphodiesterase activity (70). Antianxiety and anti-
depressant drugs bound more weakly and were less effective
inhibitors. Other agents such as LSD, amphetamine, phenobarbital,
morphine, and various biogenic amines that affect the central
nervous system but are devoid of antipsychotic activity, neither
bound nor inhibited. In general the affinity of binding to
calmodulin qualitatively paralleled the potency of the agents as
antipsychotics and their ability to produce extrapyramidal
effects. Some lack of stereospecificity was found in this study.
A later, more extensive investigation of stereospecificity found
that both the clinically active and inactive isomers of a series
of neuroleptics were equally effective inhibitors of the phospho-
diesterase (71). The ICg5g values for inhibition of the enzyme
correlated closely with the octanol:H,0 partition coefficients of
the drugs; and it was argued that the observed lack of stereo-
specificity and the relatively high concentration of drug
required for enzyme inhibition effectively ruled out a calmodulin
involvement in the therapeutic actions of the drugs. More
recently the specificity of the bnding of phenothiazine to cal-
modulin has been examined for a series of chlorpromazine analogs
differing in the position of chlorine substituent on the aromatic
nucleus (76). Of these compounds only the 2-chloro analog had
tranquilizer activity and antagonized dopamine-sensitive
adenylate cyclase activity, but all possessed similar hydropho-
bicity, membrane actions, and surface activity. All of the
chlorpromazine derivatives inhibited the calmodulin-dependent
ATPase from red cells with similar potencies. The failure of
calmodulin to discriminate among these compounds was taken as
further evidence that calmodulin lacks a phenothiazine binding
site with specificity similar to the receptors responsible for
the antipsychotic effects of the drug observed clinically.

In addition to the psychoactive drugs, various agents with
local anesthetic-like properties bind weakly in a Ca2t-dependent
manner (77). Another agent found to bind in the presence of calt
and inhibit calmodulin-dependent enzymes is the sulfonamide,
N-(6-aminohexyl)-5-chloro-l-naphthalene sulfonate (78). Also
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various classes of hydrophobic dyes, such as 9-anthroylcholine,
bind to calmodulin with Ca2* and prevent enzyme activation 42).
From this data it appears reasonably clear that the active con-
formation of calmodulin possesses two or more hydrophobic pockets
capable of binding a wide variety of lipophilic organic molecules.
While the binding affinities generally tend to parallel such
criteria as octanol:H,0 solubilities, it is likely that binding
may also involve various steric considerations and interactions
with functional groups on the molecules. Presumably the high
affinities of binding observed for certain of the phenothiazines
arise as a consequence of a particularly fortuitous balance of
these variables. The hydrophobic surface pockets exposed by cat
are apparently critically involved in the interaction of the
calmodulin with and activation of dependent enzymes. Presumably
these enzymes possess matching hydrophobic regions which interact
with these sites. As noted above the phosphodiesterase (60) and
ATPase (61) are activated without Ca2* or calmodulin by phospho-
lipids, possibly acting at such sites. Interestingly, such acti-
vation of the phosphodiesterase is reversed by phenothiazines
(60). It is conceivable that phenothiazines bind not only to
calmodulin but also to matching sites on the phosphodiesterase
and the other activatable enzymes.
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Antagonistic Methylenedioxyindenes
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Extensive pharmacological evidence supports the
contention that 2-n-propyl- and 2-n-butyl-3-
dimethylamino-5, 6-methylenedioxyindenes (pr-MDI
and bu-MDI, respectively) are calcium antagonists
with a predominantly intracellular site of action.
Support for this mechanism derives from the
following findings: (1) their ability to inter-
fere with barium-induced nonvascular smooth muscle
contraction; (2) the reversibility of their vascu-
lar and nonvascular smooth muscle relaxant proper-
ties by increasing extracellular calcium; (3)
their ability to inhibit calcium-dependent (but
not calcium-independent) evoked adrenomedullary
catecholamine secretion without interfering with
cellular calcium uptake; (4) their ability to re-
duce the quantity of calcium released from sarco-
plasmic reticulum upon stimulation as evidenced by
depression of activation heat in skeletal muscle;
(5) their inhibitory effect on caffeine-induced
contracture of skeletal muscle in the presence and
in the absence of extracellular calcium; (6) their
inhibitory effect on thrombin-induced platelet
secretion; (7) their binding characteristics to
cardiac troponin-C and to brain calmodulin with
resultant inhibition of calcium-calmodulin-depen-
dent processes; (8) their inhibitory effect on
swelling and uncoupling of oxidative-phosphoryla-
tion induced by inorganic phosphates in isolated
rabbit heart mitochondria; (9) their ability to
inhibit the contractile effects of U44069 on the
rat aorta in a calcium-free medium; (10) their
ability to block both phases of the contractile
effect of norepinephrine on the isolated rat aorta
in a calcium-free medium; (11) their inability to
block myocardial membrane slow calcium channels or
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other presumptive membrane calcium channels; (12)
their ability to uncouple excitation-contraction
coupling in superfused canine papillary muscle
preparations at concentrations which do not re-
duce action potential characteristics; and (13)

the relative inactivity in-vitro of the quaternary
ammonium derivatives of the MDIs on inotropy of the
electrically-driven guinea pig left atrium and on
potassium-induced and norepinephrine-induced con-
tractions of the isolated rat aortic strip. Pr-MDI
and bu-MDI exhibit negative inotropic actions in
isolated perfused intact rabbit hearts and in iso-
lated guinea pig atrial preparations; coronary di-
lating properties in rabbit perfused hearts; hypo-
tensive action in dogs; and antiarrhythmic activity
in three animal species (dog, rat and mouse) using
five models of experimentally-induced arrhythmias
involving calcium, ouabain, aconitine, methachoine,
and chloroform-anoxia. The quaternary derivative
of bu-MDI demonstrated potent antiarrhythmic activ-
ity in-vivo, possibly due to metabolic activation.

Calcium antagonism is a property attributed to a wide spec-
trum of pharmacological agents (l1). These agents are of consid-
erable therapeutic value, articularly (but not exclusively) in
the management of cardiovascular diseases (1-6). Calcium antag-
onistic drugs have been broadly classified into two major class-
es (1,7,8,9): those agents acting on the cell membrane to block
calcium influx through the slow inward calcium channels, and
those acting intracellularly to block the action or mobilization
of intracellular calcium or to enhance the sequestration or ef-
flux of this cation. With respect to the membrane calcium chan-
nel blockers, mounting evidence supports an additional intra-
cellular calcium antagonistic effect of these agents (10-19), as
well as other pharmacological actions exhibited by various
agents including inhibition of the fast inward sodium channels
and blockade of adrenergic receptors (8).

A series of 2-substituted 3—dimetﬁylamino—5,6-methy1ene-
dioxyindenes (MDIs) were developed in our laboratories (20) as
intermediates in the synthesis of potential prostaglandin antag-
onistic indanpropionic acids (21,22). Pharmacological evalua-
tion of these intermediate MDIs demonstrated their calcium
antagonistic properties (7,8,9). The following discussion is an
update of a recent review on the pharmacology of the MDIs (8).

Basic Pharmacological Studies with the MDIs

The pr-MDI and bu-MDI (5x10'5 - 10'4M) blocked the spasmo-
genic action on the estrogenized rat uterus of PGFjy, PGE2, oxy-
tocin, barium, acetylcholine, and ergonovine in a concentration-
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dependent and reversible manner (23). Furthermore, the MDIs
blocked the contractile effect of histamine on the isolated
guinea pig ileum, and of acetylcholine on the isolated rat ileum
(23). The antagonism by the MDIs of the spasmogenic action of
acetylcholine (which utilizes extracellular calcium) and barium
(which utilizes intracellular calcium) could be reversed by in-
creasing the extracellular calcium concentration (23), indicating
that the MDIs were interfering with excitation-contraction coup-
ling by acting as calcium antagonists with a probably intracell-
ular site of action.

To further characterize the calcium-antagonistic mechanism
of action of the MDIs, we utilized the isolated perfused bovine
adrenal medulla as a model for stimulus-secretion coupling (24),
since this preparation has been shown to share many common
molecular features with excitation-contraction coupling in muscle
(25,26,27) . Adrenal catecholamine secretion induced by carbachol
is known to be mediated by extracellular calcium (28) and not by
intracellular calcium (29). On the other hand, acetaldehyde-
induced adrenomedullary catecholamine secretion is independent of
both extracellular calcium (30,31,32) and intracellular calcium
(30). The pr-MDI and bu-MDI (10-8 - 10-%4M) reversibly blocked
adrenomedullary catecholamine secretion evoked by carbachol, but
did not affect acetaldehyde-induced catecholamine secretion (24).
Furthermore, these MDIs did not affect 45Ca uptake by adreno-
medullary chromaffin cells (24). These findings indicated that
the MDIs were interfering with stimulus-secretion coupling by
acting as calcium antagonists with a probably intracellular site
of action.

Studies on skeletal muscle also support an intracellular
site of action of the MDIs. Thus, pr-MDI (10-4M) significantly
blocked caffeine-induced contractures of the rat diaphragm both
in presence and in absence of extracellular calcium (33). Such
caffeine-induced contractures are believed to be mediated by
intracellular calcium mobilized from the sarcoplasmic reticulum
or other intracellular calcium pool (34). Furthermore, bu-MDI
(10-4M) depresses activation heat in ‘the frog sartorius muscle
upon stimulation (35), indicating a reduction in the quantity of
calcium released from the sarcoplasmic reticulum, since activa-
tion heat represents the energy liberated in association with
calcium mobilization and sequestration in contracting muscle (36,
37).

" UL4069 is a stable analogue of prostaglandin Hp which con-
tracts the aorta by mobilizing intracellular calcium (38).

Bu-MDI (10-4M) inhibited the contractile effect of U44069 on the
isolated rat aorta in a calcium free medium (39), confirming an
intracellular site of action of the MDI. Under similar experi-
mental conditions, even high concentrations of nifedipine (a cal-
cium channel blocker) did not block the effects of U44069 (39).

We have recently reported that norepinephrine produces a
biphasic contraction of the isolated rat aortic strip in calcium-
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free-EGTA medium by mobilizing two distinct and dissociable
intracellular pools of calcium associated with the two dissoci-
able phases of contraction (40). Bu-MDI (10-4M) inhibits both
phases of the norepinephrine response, while nifedipine has no
effect on either response (41).

If the tertiary pr-MDI and bu-MDI gain access to the
interior of the cell to exert their calcium antagonistic actions,
it would be predicted that their quaternary ammonium analogues
would be inactive due to their exclusion from the intracellular
compartment as a result of their inability to cross biological
membranes. As predicted, the tertiary, but not the quaternary,
MDIs produce a negative inotropic effect on the isolated elec-
trically-driven guinea pig left atrium (42) and inhibit potassi-
um-induced and norepinephrine-induced contractions of the
isolated rat aortic strip (é}).

In order to ascertain the absence of a membrane blocking
effect of the MDIs on the slow inward calcium channels, we inves-
tigated the effect of these agents on the positive inotropic
concentration-response curves of calcium, ouabain, and isoproter-
enol on the isolated electrically-driven guinea pig left atrium
(44) . The positive inotropic action exerted by elevation of the
extracellular calcium concentration appears to be due to a direct
increased entry of this cation into myocardial cells through the
slow inward calcium channels (45). Beta-adrenergic agonists such
as isoproterenol stimulate cardiac excitation-contraction coup-
ling by indirectly augmenting the entry of extracellular calcium
through the slow inward calcium channels (46,47,48) subsequent to
activation of adenylate cyclase and eventual cyclic-AMP-mediated
phosphorylation of sarcolemmal proteins (48). On the other hand,
most of the published evidence argues against an influence of
digitalis glycosides on the slow inward calcium current (49-52)
and favors a mechanism of increased calcium influx through other
membrane channels resulting from an alteration of the movement of
a sarcolemmal Nat/Catt transport system secondary to an increase
in intracellular sodium concentration (47). Although excess
extracellular calcium, isoproterenol, and ouabain reversed the
negative inotropic effect of pr-MDI, an analysis of the concen-
tration-response relationships to all three positive inotropic
agents in the presence and in the absence of pr-MDI demonstrated
that this agent did not significantly inhibit the contractile ef-
fects of calcium, isoproterenol, or ouabain, at pr-MDI concentra-
tions of 10-4M or less which clearly exhibit intrinsic negative
inotropic effects (44). From this it is concluded that the MDIs
do not block the membrane slow inward calcium channels nor other
presumptive membrane routes of calcium entry into myocardial
cells (44). These findings differ clearly from those reported
for the membrane slow calcium channel blockers, verapamil and D600,
which exhibit competitive antagonism against calcium and non-
competitive antagonism against isoproterenol in analyses of con-
centration-response relationships (45).
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Molecular Pharmacological Studies with the MDIs

In order to further characterize the intracellular mechanism
of action of the MDIs, their interaction with intracellular cal-
cium receptors was examined (53). It is now believed that many
of the second messenger effects of calcium are mediated by the
intracellular calcium binding proteins (receptors), calmodulin
and troponin-C (54,55,56). Equilibrium dialysis showed that bu-
MDI bound to calmodulin in a calcium-dependent manner at four
equivalent sites of equal affinity (6.2x10-4M), over the range of
10-7 to 10-5M free calcium which would be expected to occur phys-
iologically. One-half maximal binding occurred at a free calcium
concentration of 7 x 10-6M. The interaction between bu-MDI and
calmodulin was competitive in nature, and bu-MDI was capable of
inhibiting a number of calcium-calmodulin-dependent processes
(53). Furthermore, bu-MDI was capable of binding to cardiac
troponin-C (53). Such findings indicate that the MDIs may inter-
fere with calcium-dependent processes through their interaction
with intracellular calcium receptors. Prenylamine (47) and felo-
dipine (19), two calcium-channel blockers, have also been shown
to interact with calcium-calmodulin and inhibit certain calcium-
calmodulin-dependent processes.

Recent evidence suggests that ischemia of myocardial tissue
results in an increase in inorganic phosphate concentration which
induces mitochondrial swelling and uncoupling of oxidative-
phosphorylation processes by stimulating energy-dissipating in-
tramitochondrial cycling of calcium (57). Mitochondrial swelling
induced by inorganic phosphate could be inhibited by the tertiary
MDIs as well as by the calcium-channel blockers verapamil and
diltiazem, but not by divalent metal chelators (58). The net re-
sults of the protective effects of calcium antagonists on mito-
chondrial swelling are an increase in adenine nucleotides, tis-
sue ATP, creatine phosphate, and improvement in cardiac function.

Preliminary electrophysiological studies with the tertiary
MDIs demonstrated the ability of pr-MDI and bu-MDI to uncouple
excitation-contraction coupling in superfused canine papillary
muscle preparations at drug concentrations which do not reduce
action potential characteristics including action potential am-
plitude, resting potential, duration at 25, 50, and 907 repolari-
zation, and the rate of rise of phase 0 (59). This is taken as
further evidence for an intracellular site of action of the MDIs.
However, the electrophysiological effects of these agents appear
to be quite complex (8,59).

Applied Pharmacological Studies with the MDIs

Calcium antagonists are known to decrease contractility of
vascular smooth muscle and the myocardium (EED. The value of
this class of pharmacological agents in coronary therapeutics has
been attributed to their ability to reduce myocardial oxygen
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consumpt ion, decrease arterial blood pressure, and improve myo-
cardial oxygen supply through dilation of extramural coronary
arteries, collaterals, and anastamoses (6l1). The pr- and bu-MDIs
(5x10-6M to 10-4M) produced a prolonged, concentration-dependent
relaxation of potassium-depolarized strips of bovine extramural
coronary vessels, which was reversible upon elevation of the cal-
cium concentration of the medium (62). The effect was qualita-
tively similar to that observed with prenylamine (62) and other
members of the prenylamine group (61) and dissimilar to the
short-lived action of the n1tr1teé—(61) In the nonstimulated
isolated perfused rabblt heart preparation, pr-MDI (3x10-5M) and
bu-MDI (3x10~3 to 104M) increased coronary flow fourfold greater
than the resulting decrease in inotropic activity, and did not
alter chronotropic properties of the heart (62). Similar results
are obtainable with the prenylamine group of drugs (61,62,63),
many members of which enjoy extensive therapeutic use outside the
USA in the management of angina pectoris of effort (63) as well
as variant Prinzmetal angina (64).

The antiarrhythmic properties of the MDIs were investigated
in several animal models. Ouabain-induced ventricular arrhythmi-
as in dogs could be reversed by i.v. doses of 5-30 mg/kg of
either pr-MDI or bu-MDI; the reversion being preceded by a drop
in diastolic blood pressure, with no appreciable alteration in
systolic pressure or heart rate (65). Pretreatment of dogs with
pr- or bu-MDI also afforded significant protection against
ouabain-induced arrhythmias (65) and calcium-induced arrhythmias
(66) . Pretreatment of rats with 3.75 mg/kg i.v. of either pr-MDI
or bu-MDI provided virtually complete protection against calcium-
induced bradycardia, arrhythmias, and death (66). The anti-
arrhythmic potency of the MDIs in rats was equivalent to that of
verapamil, but the latter drug produced bradycardia, EKG altera-
tions, and AV-block, whereas the MDIs exhibited no intrinsic
deleterious effects on cardiac function (Qg). Prenylamine and
phenytoin exhibited no protective action against calcium-induced
arrhythmias in rats (66). Pretreatment of rats with the MDIs
afforded significant protection against aconitine-induced
arrhythmias, the order of potency being Q-bu-MDI (0.25 mg/kg,
i.v.), quinidine (8 mg/kg, i.v.), bu-MDI (16 mg/kg, i.v.), and
pr-MDI (24 mg/kg, i.v.) (67). Pretreatment of rats with the MDIs
also afforded significant protection against methacholine-induced
arrhythmias, the order of potency being Q-bu-MDI (1 mg/kg, i.v.),
bu-MDI (2 mg/kg, i.v.), quinidine (4 mg/kg, i.v.), and pr-MDI
(8 mg/kg, i.v.) (67). In the chloroform-anoxia assay, pretreat-
ment of mice with the MDIs afforded at least a 70% protection
against arrhythmias, the antiarrhythmic ED50s being: Q-bu-MDI
(10.5 mg/kg, i.p.), bu-MDI (44 mg/kg, i.p.), quinidine (67 mg/kg,
i.p.), and pr-MDI (68 mg/kg, i.p.) (67). The pronounced in-vivo
antiarrhythmic activity observed with quaternary bu-MDI (Q-bu-
MDI) in these studies may be attributable to possible in-vivo
metabolic activation since this quaternary compound was relatively
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inactive in pharmacological in-vitro experiments performed so
far (42,43). Alternatively, affinity for and accumulation in
cardiac tissue may result in a sufficient concentration gradient
to allow cellular penetration by diffusion or alteration of mem-
brane permeability by the Q-bu-MDI, as has been proposed for the
quaternary ammonium antiarrhythmic agents bretylium (68) and
pranolium (69). The significant contribution of calcium antag-
onists to the therapy of cardiac arrhythmias has recently been
reviewed (1,70,71).

In the heart, the action of histamine on H] receptors causes
an increase in conduction time through the AV-node and an in-
crease in coronary blood flow, whereas its action on Hp receptors
augments the force of contraction, increases cardiac rate and
automaticity, and potentiates digitalis toxicity (72-76). Hj and
Hy receptor antagonists have been shown to protect the heart
against ouabain-induced arrhythmia (72,73) and to block the car-
diac effects of histamine and other Hl and H2 agonists (74,75).
Recently it has been demonstrated (77) that histamine-activated
cardiac adenylate cyclase (which has the properties of an H) re-
ceptor) is blocked by the specific H) antagonist cimetidine
(pA2=6.1), as well as by the calcium antagonists L-cis-diltiazem
(pA2 = 6.94), verapamil (pAp = 5.44), perhexiline (pA2=5.58), and
pr-MDI (pA2 = 6.46). The contribution of this Hp blocking prop-
erty of the calcium antagonists to their antiarrhythmic actions
is not currently known since it neither corresponded to their
calcium antagonistic potencies nor to their ability to block the
positive inotropic action of histamine (77).

The effect of calcium antagonists on platelet function is
very complex. Platelet activation by various stimuli appears to
be initiated by the stimulus-induced translocation of intracellu-
lar calcium stores which sets in motion an integrated set of re-
sponses involving energy-producing reactions, contraction of
actomyosin-containing filaments, alteration of microtubule
assembly and distribution, release of granules containing stored
products which facilitate aggregation and clotting, change in
membrane properties leading to cellular adhesion, activation of
the synthesis of PGs, PG endoperoxides, and thromboxane A2, and
the appearance of procoagulant platelet factor 3 in the surface
membrane (78). The calcium antagonist TMB-8 has been shown to
reduce platelet secretion and aggregation induced by thrombin,
ionophores, and ADP (79,80). On the other hand, at concentra-
tions up to 0.5 mM, pr-MDI induced platelet secretion and thus
may act as a calcium agonist in this system (79). This latter
action is reminiscent of the action of verapamil on skeletal
muscle where the drug itself induces contracture and also poten-
tiates caffeine-induced contractures (8l). Nevertheless, pr-MDI
does exhibit some calcium antagonistic actions on platelets in
that it blocks thrombin-induced secretion (79).
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Toxicological Studies with the MDIs

The acute and subacute toxicological profiles of the MDIs
were recently reported from our laboratories (82). Acute tox-
icity studies resulted, in mice, in an i.v. LD50 of 40 and 32
mg/kg for pr-MDI and bu-MDI, respectively, and an i.p. LD50 of
185 mg/kg for both MDIs. In rats, the i.p. LD50 was 175 and 240
mg/kg for pr-MDI and by-MDI, respectively. In view of the anti-
arrhythmic equipotency of verapamil and the MDIs in the calcium-
induced arrhythmia model in rats (66), it is clear that the
therapeutic ratio of the MDIs is superior to that of verapamil
since the latter exhibits an LD50 of 67 mg/kg (i.p.) and 16mg/kg
(i.v.) in rats and 68 mg/kg (i.p.) and 6.7 mg/kg (i.v.) in mice
(83). Likewise, the therapeutic indices of the MDIs in the
chloroform-anoxia assay in mice compare favorably with that of
quinidine (67), the latter having an LD50 of 225 mg/kg (i.p.)
(84). The LD50 of Q-bu-MDI in mice is 65 mg/kg (i.p.).

An i.v. dose of 16 mg/kg of pr-MDI or bu-MDI decreased motor
activity and prolonged barbiturate sleeping time in mice, but did
not affect conditioned avoidance behavior or motor coordination
tests (82). 1In subacute toxicity studies (82), rats received
daily for 4 weeks 26.25 or 52.5 mg/kg i.p. of each of the pr-MDI
or bu-MDI, while mice received 23.13 or 46.25 mg/kg i.p. of
either MDI. No alterations were observed in serum alkaline phos-
phatase, glutamic-pyruvic transaminase, glutamic-oxalacetic trans-
aminase, creatine phosphokinase, bilirubin, chloride, cholester-
ol, uric acid, prothrombin time, and bromsulphalein retention.
Blood glucose was slightly lowered, and so was serum calcium in
male mice. The higher dose of pr-MDI elevated serum lactate de-
hydrogenase in rats. Both MDIs elevated serum isocitric dehydro-
genase in male rats. However, light microscopic examination of
brain, kidney, liver, spleen, intestine, stomach, and myocardium
showed no anomalies resulting from the 4-week MDI treatment, and
electron microscopic examination of hepatocytes revealed no del-
eterious effects of either MDI (82).

In an in-vitro study designed to investigate the effects of
pr-MDI, bu-MDI, and Q-bu-MDI on the mechanical and electrical
activity of the isolated guinea pig atria, particularly with re-
gard to those effects which have positive or negative implica-
tions upon potential therapeutic usefulness of these agents as
antiarrhythmic drugs, the following results were obtained (42):
The tertiary pr-MDI and bu-MDI caused marked concentration-
dependent decreases in contractile force of stimulated left
atria, while the Q-bu-MDI caused only a slight peak reduction in
contractile force. At a concentration of 3x10-%M (which is
higher than the maximum concentration of 10-4M used in other
pharmacological studies reported in this review), pr-MDI and bu-
MDI significantly depressed the frequency-force profile of stim-
ulated left atria, and significantly decreased membrane excita-
bility (as reflected by a significant increase in threshold
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voltage), while Q-bu-MDI did not alter either parameter signifi-
cantly. Spontaneous right atrial rate was only slightly de-
pressed by the three MDIs at concentrations of 3x10-3M or less.
At higher concentrations, the tertiary pr- and by-MDIs were much
more potent than the quaternary analogue in reducing atrial rate.
These results indicate that Q-bu-MDI, the most potent in-vivo
antiarrhythmic analogue of the MDI series, exhibits significantly
lesser deleterious in-vitro effects on cardiac function than the
tertiary MDIs (42). In turn, the tertiary MDIs exhibit far fewer
deleterious electrocardiographic changes in-vivo than verapamil
in equipotent doses (66). Nevertheless, it should be kept in
mind that the in-vitro inactivity of Q-bu-MDI may be a reflection
not of the greater safety of this analogue, but rather that the
active in-vivo moeity may be a metabolite which is not formed in-
vitro. The metabolic fate of Q-bu-MDI is one which requires
investigation.

In isolated rabbit heart preparations, pr-MDI and bu-MDI
(3x10-5M) produced a negative inotropic action with no alteration
in chronotropy (62). The negative inotropic action was sizably
smaller than the increase in coronary flow produced by these
agents (62). The decrease in force of contraction is beneficial
for the purpose of conservation of oxygen in an ischemic heart.
In-vivo studies in dogs (65) also demonstrated that the tertiary
MDIs did not alter cardiac rate.

Structure-Activity Studies on the MDIs

Structure-activity studies done so far in our laboratories
can be summarized as follows: shortening the 2-substituent (to
produce 2-methyl- and 2-ethyl-3-dimethylamino-MDIs) resulted in
reduction of calcium antagonistic activity (23). Lengthening the
2-substituent or rendering it more bulky (2-n-heptyl-, 2-cyclo-
hexyl-, and 2-phenyl-3-dimethylamino-MDIs) resulted in reduction
or loss of calcium-antagonistic activity and emergence of agonist
activity (85). The agonist activity of the phenyl analogue on
smooth muscle was not blocked by atropine (a muscarinic receptor
blocker) or propyl-dibenzyloxyindanpropionic acid [a PGFpq
receptor blocker (gl)], but was blocked by bu-MDI and by prenyl-
amine, indicating an involvement of increased calcium influx
(85). Opening the 5,6-methylenedioxy bridge (with resultant for-
mation of the corresponding 5,6-dimethoxy analogues) results in
reduction of calcium antagonistic properties and emergence of
agonist activity (86).

The diastereoisomeric dihydro analogues of pr-MDI and bu-MDI
(cis and trans 2-n-propyl- and 2-n-butyl-l-dimethylamino-5,6-
methylenedioxyindanes) were synthesized and tested for their
ability to reverse norepinephrine- or KCL-induced contraction of
the isolated rat aorta (43). Saturation of pr-MDI and bu-MDI to
produce the corresponding cis-aminoindane analogues yielded com-
pounds with similar spasmolytic activity to the unsaturated
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parent compounds, while saturation which yielded the trans forms
resulted in significant loss of potency (43).

N-Methylation of pr-MDI and bu-MDI and their cis and trans
dihydro derivatives to produce the corresponding quaternary ammon-
ium derivatives resulted in significant loss of spasmolytic activ-
ity against norepinephrine- and KCL-induced contractions of the
rat aorta (43). Similarly Q-bu-MDI had little activity on the
force of contraction of the isolated guinea pig atrium as compared
to the tertiary compounds (42). This is to be anticipated due to
the limited penetration of quaternary compounds into cells.
Nevertheless, as mentioned earlier, Q-bu-MDI has potent anti-
arrhythmic activity in-vivo (67), possibly due to metabolic acti-
vation or accumulation in cardiac tissue.
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Considerable evidence implicates calcium ion
in opiate action. The pharmacologic and neuro-
chemical data include:

(1) catt and its ionophores antagonize opiate
action

(2) Ca*t antagonists (Lattt or EGTA) enhance
opiate action

(3) Cross tolerance to Lat*t and EGTA is ex-
hibited by the morphine tolerant state

(4) The opiate abstinence syndrome can be
alleviated by reducing neuronal catt

(5) Acute opiate administration lowers neuronal
Catt

(6) Chronic opiate administration elevates
neuronal Catt

Based on our assessment of Catt-morphine inter-
actions the role of Catt in acute and chronic opiate
action is postulated to be as follows. There are two
opposing effects of opiates on neuronal catt, an
immediate response to lower Catt and a delayed one
which reflects counteradaptation to reverse the acute
lowering effect on Catt. These two opposing actions
of morphine can be utilized to explain its classic
effects, on analgesia, tolerance and physical depen-
dence. Our operational hypothesis is that the nocicep-
tive state is regulated by the Catt level within the
neuron, a lowering effects analgesia and an elevation
in Catt hyperalgesia. The lowering of neuronal catt
induced by acute opiate administration is opposed by a
homeostatic mechanism which tends to reverse the re-
duction in Catt. This latter process is cumulative so
that with continuous opiate administration there is a

I Current address: University of Oxford, Department of Human Anatomy, Oxford 0X1 3QK,
England
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gradual build up of neuronal catt. The con-
sequence would be tolerance development since

to cause analgesia more opiate would be required
to lower the elevated neuronal Ca*tt, Under such
conditions, a new elevated steady state for Catt
becomes established whereby lowering of Catt be-
comes more difficult (tolerance) and the retention
of the Catt requires the presence of opiate
(physical dependence). With abrupt discontinuance
of the opiate, there is loss of sequestered Ca

and an increase in cytosol Catt ensues. The
abstinence syndrome would then reflect a super-
sensitive state to opiate lack or a hyper-
irritable response to Catt excess that is ordin-
arily inhibited by the presence of opiate.

Numerous possible mechanisms of action at the biochemical
level have been proposed, in order to explain the effects of
opiates. In recent years the possibility that ca2t disposition
is an important underlying site of opiate action has attracted
widespread interest. This is particularly so in view of the
fact that Ca2* is involved in numerous aspects of neuronal
function, a number of which are also known to be affected by
opiates, and in Earticular, neurotransmitter release. The
concept that ca? represents a general site of opiate action
has therefore arisen as a possible explanation for the varied
behavioral and biochemical effects of these drugs.

Correspondingly, many papers have now appeared which
concern metal ion (and especially Ca2t) interactions with
opiates, and each year a considerable number of new reports
are published. This literature has been the subject of several
reviews (1-4). In the present article this body of work is
considered in terms of the general hypothesis that neuronal
Ca2t levels control the nociceptive state and that opioids,
both endogenous and exogenous, exert their main effects
via changes in ca2t disposition.

Ca2t Antagonism of Opiate Effects

(a) In vivo. A number of reports have indicated that
ca2t has inhibitory effects on in vivo opiate actions and
especially analgesia. For example, Hano et al. (5) demon-
strated a marked supression of morphine analgesia after intra-
cisternal (i.c.) injection of ca?*. The Ca2t and Mg2+
chelator ethylenediaminetetraacetic acid (EDTA) potentiated
morphine analgesia, while EDTA alone produced a mild analgesia
which was reduced by eqimolar doses of ca2t, Later the
same laboratory (6) reported that i.c. Ca2t administration
antagonized the analgetic effects of morphine and it surrogates
while other cations (Mg2*, Ba2t, sr2t, zn2t, Felt,

N12+, K* and Nat) did not.
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More recently it was reported by Harris et al. @D)
that Catt antagonized morphine analgesia after intracere—
broventricular injection, while Sr2 s Ba2+ N12+ ng
and Cd2t were without effect. Although EDTA had slight or
no significant effect on morphine analgesia, another chelator,
ethylene glycol tetraacetic acid (EGTA), did cause significant
potentiation of analgesia. EGTA is reported to have a much
higher affinity for Ca?t than Mg 2+ (8) and thus these
results were again interpreted as an involvement of ca2t
rather than Mg2 depletion in producing these effects.
Furthermore, the ionophore X537A was found to significantly
increase the antagonistic effect of a 1low dose of Ca2t,
X537A has been shown to increase membrane permeability to
divalent cations (9), and thus the authors postulated caZt
antagonism of morphine at an intracellular site(s).

Consistent with the above findings, we have found that
analgesia induced by pB-endorphin, methionine-enkephalin and
stress is also antagonized by Catt; EGTA again potentiated
analgesia while the ionophore A23187 increased the antagonistic
potency of ca2t (10)

The development of tolerance to the analgetic effects of
opiates has generally been reported to be retarded by acute Ca +
administration, as has dependence development (11-14) In other
reports where tolerance development was not affected, it is
likely that the dose of Ca2t used were insufficient .

Harris and coworkers (15, 16, 17) have further examined
the involvement of Ca2t in opiate actions using the rare earth
lanthanum. This trivalent ion competes very effectively with
ca2t at cation binding sites due to its having a similar ionic
radius but greater valency and has been reported to inhibit
caZt binding and movement across biological membranes (18).
The results of these experiments are again consistent with an
involvement of Ca2t* metabolism in analgesia, since similarities
between the actions of La3t and morphine were evident.

Thus a subanalgesic dose of La3t significantly potentiated
morphine analgesia after intracerebroventricular (i.c.v.)
iniﬁgtion, while at higher doses both La3t itself and another

blocker, cerium produced analgesia. On a molar basis,
La3* was approximately one-tenth as potent as morphine.
Surprisingly, the effects of La3t were antagonized by naloxone
but a flat dose-response curve was obtained.

The possibility that La3t was producing its effects by
inhibiting Nat and K+ conductance, as it does in the lobster
axon (19), is unlikely since i.c.v. or periaqueductal gray
(PAG) Eﬁjection of high concentrations of Ca2* or local
anesthetics (both of which inhibit Nat and kt fluxes)
failed to produce analgesia (6,7,17).

A relationship further existed between morphine and La3t
in that animals tolerant to morphine exhibited cross tolerance
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to La3+, However, the level of tolerance to La3* was
lower than for morphine. Also, La3t was found to affect
physical dependence as evidenced by its ability to suppress
abrupt and naloxone-precipitated withdrawal jumping in mice
treated chronically with a high dose of morphine. Finally, it
was observed that the PAG region of the midbrain was the most
sensitive site investigated for both morphine and La3t analgesia.
This is also the region of high opiate receptor demsity (20).
Recently Reddy and Yaksh (21) have reported weak analgesia in
rats after intrathecal administration of La3*, In contrast to
the earlier study (16). The La3t effect was not naloxone
reversible, although Ca2t did reverse antinociception.
Perhaps when La3* does cause naloxone-reversible analgesia,
it may be related to release of endogenous opiates although it
should be noted that enkephalin release is ca2t dependent
(22). Thus, any failure to effect naloxone antagonism of
La>t analgesia might thus be due to the diurnal fluctuations in
endogenous opiate levels which have been reported (22). It is
also possible that the different sites of drug administration
may have given rise to the different effects of naloxone, with
analgesia resulting from i.c.v. injection of La3t involving
opiate receptors in some way, but not that due to spinal action.
Caruso and Takemori (24) have reported caZt antagonism
of morphine-induced respiratory depression. The convulsive
properties of morphine and opiate peptides have been attributed
to the ability to reduce membrane Catt flux (25). On the other
hand, Huidobro-Toro and Way (26) failed to show any antagonism
by Ca2t or Mn2* of the hyperthermia induced by p-endorphin,
following i.c.v. injection of both agents. It was postulated
that since hyperthermia is a more sensitive response to pB-
endorphin than analgesia, possibly higher doses of cations
would be necessary to produce significant antagonism.
Unfortunately, it was not possible to perform the experiment,
since higher doses of the cations alone produced marked hypo-
thermia. Ziegelginsberger and Bayerl (27) found that the in
vivo activity of spinal neurons was depressed by phoretically
applied morphine and Ca2*. One can only conclude that while
many actions of opiates involve Ca +, some may not.

(b) In vitro. Numerous reports indicate that Ca2t
can alter physiological responses to opiates in isolated
tissue systems, for example, the ability of morphine to inhibit
Kt-stimulated respiration in rat brain cortical slices (28,29).
We subsequently found this to occur only in a low or Ca“'-free
medium (30).

Many studies using the guinea-pig ileum preparation have
shown that Ca2t is able to antagonize the inhibitory effects of
opiates on electrically induced contractions (31-34, 36,37)
Unlike the situation with analgesia, it appeared that MgZt
and Mn2t did not cause antagonism of opiate effects (31,33,36).
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The inhibitory response to morphine in this preparation is
established as being due to an inhibition of acetylcholine
release which Catt can reverse (35). We have been shown
that the inhibitory effect of morphine on acetylcholine re-
lease can be reduced by elevating the catt concentration in
the incubation bath (36).

The antimorphine action of Ca2t has been reported to
be both competitive and non-competitive. Our laboratory (34)
Opmeer and Van Ree (32) and apparently Heimans (37) as well
have reported a competitive-type antagonism. Later, we noted
that with high concentrations of Ca*t a non-competitive
antagonism occurred (36).

We have examined this apparent paradox further and have
found that the type of antagonism observed is related to the
lenéth of time the tissue is in contact with the increased

levels (10). Thus when the gut preparation was incubated
in the presence of high ca?t concentrations for periods of
one hour or more, a non-competitive antagonism was observed.
Conversely, when Ca2* 1levels were increased shortly before
or after the addition of the opiate, a competitive antagonism
was seen with parallel shifts of dose-response curves and
maximal effects at high drug doses. These results would appear
to correspond with the techniques used in the various reports
mentioned above, in as far as the methods are given. It thus
apgears that the non-competitive effect is due to a storage of

presumably in neuronal elements, since opiates do not
affect the muscle component in the guinea-pig ileum
preparation (35). These results are consistent with
the theory that opiates inhibits ca2t influx into cells. Thus
when raised intracellular levels of Ca2t are obtained, an
opiate insensitive component is introduced, resulting in
non-parallel shifts of dose response curves.

Recently Opmeer and Van Ree (2) have shown that the
inhibition of the contractile response in the ileum which
follows high-frequency stimulation and is presumably partially
due to release of endogenous opiates (38) is also antagonized
by increased Ca2t concentrations. However, Opmeer and Van
Ree also found that in vitro tolerance development was not
affected when strips were incubated in CaZt free buffer
containing EGTA. Thus it was proposed that although Calt
appears to be involved in the acute effects of opiates on the
guinea pig ileum, it was much less important for in wvitro
tolerance development.

An alternative explanation for experiments where Ca2*
is used to overcome the effects of opiates, is that the ioms,
by promoting increased neurotransmitter release, are simply
masking the opiate effect. The molecular events resulting
from opiate receptor activation would thus still occur, but
would be detected to a lesser degree. In this case, Ca2t
antagonism of opiates would thus not necessarily imply an
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opiate effect on Ca2t metabolism. It is consistent with
this interpretation that ca?t does not affect in vitro tolerance
development in the guinea-pig ileum (33). However, as discussed
previously (11-14) in most cases tolerance/dependence develop-
ment in vivo is retarded by Ca2t administration.

“In an electrophysiological study using the mouse vas
deferens, Bennett and Lavidis (39) examined the hypothesis that
morphine acts by blocking the blndlng of CaZt to the presynaptic
membrane X-receptor, thus inhibiting neurotransmitter release.
When the excitatory junction potential due to a single nerve
impulse was measured, it appeared from data analysis that
morphine acts as a competitive inhibitor of the action of Ca
in promoting neurotransmitter release. The effects of morphine
on synaptic potential during high- and low- frequency stimu-
lation were investigated, and the results were again consistent
with a Ca2t antagonist action of morphine. Morphine acted
in the same way as Mg2 , a known competitive inhibitor of
Ca2t with a Ca2* receptor complex (40).

Using the same preparation, Illes et al. (41) found that
the inhibitory effects of normorphine were antagonized by in-
creasing Ca + concentration in the buffer, by removing Mg2+
or by adding 4-aminopyridine. It was also observed that
short trains of impulses (3 Hz) caused facilitation of response
to stimulation, probably due to elevation of intracellular
Ca2* concentration. Consistent with the above results, it
was found that the inhibitory effects of normorphine were
inversely proportional the length of the train.

In other electrophysiological studies, however, Dingledine
and Goldstein (42) and Williams and North (43) reported that
opiates still produced inhibition of neuronal activity in calt-
free buffer. It thus appeared that in these cases the opiates
were not acting via altered transmembrane fluxes. Obviously,
different preparations yield different effects to opioids and
it is important to sort out and explain such discrepancies.

One of the most important pieces of evidence supporting a
role for opioid action in Ca*t disposition is the finding that
the slow Ca'tt channel may be altered by an enkeghalin analog.
Mudge et al. (44) have reported that (D-ala‘“) enkephalin
amide (DAEA) inhibits Caz+-dependent, Kt-stimulated substance
p release from sensory neurons grown in dispersed cell culture.
Electrophysiological examination showed that DAEA and enkephalin
decreased the duration and magnitude of the evoked Ca
action potential, suggesting that inhibition of substance P
release may be a result of reduced cat entry via a direct
effect on inward Cat current.

Opiate Effects on Catt Content

The reports of Ca2t involvement in opiate actions have
lead to numerous examinations of narcotic effects on calt
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disposition. In an early study on mice, Shikimi et al. (45)
observed a significant decrease in whole brain Ca + Content
30 minutes after a subcutaneous injection of 100 mg/kg morphine,
an exceedingly large dose; 20 mg/kg had no effect. Also,

the higher dose had no effect in morphine tolerant animals.
Subsequently, Ross et al. (46) and Cardenas and Ross (47)
reported significant, dose-dependent decreases in the CaZt
content of each of 8 discrete brain regions following morphine
treatment. These results are remarkable in that very large
reductions in tissue Ca2t content (up to 44%) were produced
by pharmacological doses of morphine (up to 25 mg/kg) and the
effects were nearly equal in all brain regions, although these
extraordinary findings have not been reproduced by other investi-
gators (48). However, subsequent studies of opiate effects on
the enriched nerve ending fraction (synaptosomes) of brain homo-
genates revealed significant changes after acute and chronic mor-
phine treatment.

When the Ca?t content of sub-cellular fractions of rat
cerebral cortices were examined following acute morphine treat-
ment, it was found that significant depletions only occurred
in the synaptosomal fractions (49,50). No changes in Nat ,

Kt or Mg2+ content of any fraction were observed. Findings
in the mouse largely substantiated the data obtained on the
rat. Although Harris and co-workers found no alteration in
Ca2t content of mouse synaptosomes after 25 mg/kg of morphine,
they were able to detect changes at intrasznaptosomal site(s)
with a more sensitive technique in which was injected
6 hours before sacrifice so as to label brain Ca2t stores
Using this method it was found that significant decrease in
mouse brain synaptic vesicle Ca2t content resulted from
morphine administration (51,52).

Further studies in our laboratory revealed that chronic
treatment with morphine in both rats and mice, on the other
hand, produced opposite effects to acute treatment, with signi-
ficant increases in synaptosomal ca?t levels being observed
(50, 51, 52). The increases were reported to be localized in
the synaptic vesicle fraction (51,52) and synaptic plasma
membrane fraction (SPM) (53). Naloxone treatment blocked the
increase in CaZt levels, while naloxone-precipitated withdrawal
resulted in a return to control Ca2t levels within 15 minutes
after injection (50). Both B-endorphin and methionine-
enkephalin were also noted to cause ca2t depletion of synaptic
vesicles and SPM after acute treatment (3).

We further postulated that if acute treatment resulted
in decreased Ca2t levels and chronic treatment produced in-
creased levels, then sub-cellular preparations from such
animals should have increased and decreased numbers of Ca
binding sites respectively. In vitro #9catt binding
experiments substantiated this postulate, with acute morphine
treatment resulting in an increase in high-affinity (1077 -

2+
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10-5 M) binding sites on SPM, while chronic treatment caused
a decrease in binding. Similar effects were seen for low-
affinity binding sites (1073 M) on synaptic vesicles (50).
It was noted that the failure to observe changes in Ca
content of SPM fractions (51,52) was probably due to these
being changes related to high-affinity sites with a low ca2t
volume compared with the total Ca2t measured. There was no
change in binding to intact synaptosomes, suggesting that bind-
ing sites on the inner surface of synaptic membranes were
affected. In similar experiments decreased 45cq 2+ binding
capacity in SPM fractions were confirmed (53) but both high-
and low-affinity sites were affected.

Taken together, the observed changes 1in synaptosomal
ca?t content suggest that opiates may act by altering Ca +
binding and/or fluxes at these sites. This would then in turn
lead to changes in the activity of Ca2+>dependent enzymes and
ultimately to altered patterns of neurotransmitter release.

In addition to the above experiments showing that
in vivo opiate treatment causes changes in subsequent in vitro

Cat? binding, there is also evidence that opiates may affect

45ca2+ binding by in vitro treatment. A dose-dependent
inhibition by lev5;}hanol of high-affinity 45¢ca2+ binding in
vitro to synaptic membranes was reported; the inhibition was
stated to be non-competitive, stereospecific and naloxone
reversible (54). Changes in the shape of the Calt binding
curve from sigmoid to hyperbolic in the presence of the opiate,
lead the authors to speculate that caZt and opiate receptor
sites are close together and may be linked through sub-unit
interactions. In addition, levorphanol displaced previously
bound 45Ca2* from membrane preparations. In a review
article, the same authors claimed similar effects with B-
endorghin 3). However, two reports concerning opiate effects
on Calt binding in vitro are not in agreement. Kaku et al.
(55) observed no effect by morphine on 43Ca2t uptake (presumab-
ly binding) by mouse synaptic membrane fractions and Hoss et
al.(56) reported morphine to be without effect on ca2t binding
to synaptic vesicles (as determined from protein-sensitized
fluorescence of Tb3+) after in vitro or acute treatment.

Opiate effects on ca2t fluxes have been shown in a number
of different experimental preparations. Kakunaga (57) reported
that a high concentration of morphine (1073 M) inhibited Kt and
EDTA stimulated “#5Ca2* influx and efflux in rat brain slices.
The effect was partially nalorphine reversible, was seen in low-
Ca2+ medium (0.1 mM), but not at a higher Ca2+ concentration
(1.3 mM). We have re-examined these phenomena and have found
naloxone-reversible morphine inhibition of Kt-stimulated
45cq 2+ uptake into brain slices from cortex or midbrain,
but not cerebellum (10). Unlike the earlier report this
effect was observed at Ca2t concentrations up to 1.4 mM.
These results were not obtained below morphine concentrations
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of 5 x 1074 M, suggesting opiate action via a low-affinity
receptor or loss of co-factors requisite for the process.

Kaku et al. (55) reported that acute in vivo or in vitro
morphine treatment inhibited 45ca uptake  into mouse brain
synaptosomes, an effect which disappeared with tolerance
development. A series of experiments have been conducted in
this laboratory in order to examine opiate effects on 45Ca
fluxes in synaptosomes. Morphine caused dose-dependent de-
creases in synaptosomal 5Ca uptake at low K concentrations
(in the presence of ATP and Mg +) after in vitro or acute in
vivo treatment (E) This effect was naloxone reversible and
stereospecific, with levorphanol also causing inhibition but
not dextrorphan. Uptake was apparently inhibited in a non-
competitive fashion. In contrast, mice made tolerant by
morphine pellet implantation showed progressive increases in

Ca uptake with increasing degrees of tolerance that had
developed. PB-endorphin similarly inhibited 45¢ca uptake into
synaptosomes after in vitro treatment or after i.c.v. injection
(59).

- Subsequently it was shown that if a synaptosomal prepara-
tion was lysed, pelleted and resuspended, the uptake of 45ca
by the intrasynaptosomal particles was again inhibited by
prior acute in vivo or in vitro treatment (60). Similarly, an
increased uptake again followed tolerance development. These
drug effects were seen when ATP (3 mM) was included in the
media but not in its absence, suggesting that an active process
was being affected. It is unlikely that mitochondrial 45¢a
fluxes were altered by morphine, since the effects were observed
in the presence of mitochondrial inhibitors. It was considered
most likely that the site of action was the synaptic vesicles.

More recently, after allowing synaptosomes to reach a
steady state 45¢a uptake in high Nat medium (61), naloxone-
reversible inhibition of basal %Ca uptake by morphine and

-endorphin could be consistently demonstrated (62,63) This
inhibitory effect was noted only when ATP was present in milli-
molar concentrations in the incubation medium. Efflux of
5Ca from preloaded synaptosomes was not significantly
affected by morphine. The, inhibitory effect on catt uptake
was seen with synaptosomes prepared from frontal cortex,
thalamus and hypothalamus, but not from the cerebellum, thus
corresponding well with data on opiate receptor distribution
(20,64).

Similar effects were stated to occur with rabbit
sgnaptosomes, levorphanol causing a reduction of K*t-stimulated
45ca uptake in vitro (65). Once again this was a stereospecific,
naloxone-reversible and non-competitive antagonism. Also,
chronic levorphanol treatment of mice produce increases in
Kt-stimulated uptake compared with controls. In this case
no effects were seen with resting levels of 45Ca flux at 5
mM K* (3). Very similar results were reported by End et al.
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(66). It was not mentioned in these reports if ATP was
included in the media. An absence of ATP may account for

the failure to see effects at low K' concentrations. In other
experiments End et al. (67) have demonstrated morphine effects
on 45Ca efflux from mouse neuroblastoma cells.

Calcium Hypothesis of Opiate Action

It is evident that a wide range of experimental data
indicates that Ca2t generally inhibits acute effects of opiates
in vivo and also in vitro. In addition opiates produce a
rapid fall in neuronal Ca2t levels after acute treatment,
with a corresponding gradual increase in ca2t levels after
prolonged treatment. These phenomena have been used to con-
struct an hypothesis which provides an explanation for the
classic effects of opiates, namely acute effects, such as
analgesia, followed by tolerance and physical dependence deve-
lopment (68, 69). In this hypothesis it is assumed that the
nociceptive state of an organism is controlled by neuronal
Ca2t levels.

Acute oplate treatment is thus considered to cause de-
creased Calt binding and/or fluxes at nerve endings resulting
in reduced neurotransmitter release, since release is dependent
upon CaZ* influx (70,71). As shown in Fig. 1 this could
give rise to analgesia and other acute drug effects and also
cause the decreased Ca2* content observed in synaptic vesicles
and SPM, In support of this we have already provided data
that Calt antagonists such as La3* and EGTA can themselves
produce analgesia and also potentiate opiate analgesia at low
doses (15, 16, 17, 72). These agents are less potent analgesics
than opiates, p0331bly because they are less selective and act
on a wide variety of sites. Opiates appear to act at specific
Ca?t pools associated with SPM and synaptic vesicles.
Conversely, ca?t not only can antagonize opiate-induced
analgesia but can also produce hyperalgesia. Thus, the iono-
phores X537A and A23187, which probably act by facilitating
calt influx, enhance Ca + antagonism of opiate action.

With prolonged narcotic treatment a homeostatic mechanism
increasingly take over to retain Ca2+, which results from in-
creased CaZ+ binding and/or uptake at synaptic vesicle and
SPM sites (Fig. 2). The elevated Ca2t necessitates more
narcotic to produce acute opiate effects, i.e. more is required
to again reduce intracellular ca2t and produce analgesia.
Therefore, tolerance develops as higher doses of opiate are
required to produce an effect, and this in turn leads to further
adaptation and an increasing cellular ca2t accumulation.

One might anticipate that the elevated Catt would reduce the
analgetic effects of La3t and EGTA, and the cross-tolerance
to these two agents noted in the morphine tolerant state (15,
16) is consistent with such expectations. -
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The augmented Catt cumulation requires the continual
presence of the opiate, and so physical dependence development
also occurs as Ca?t levels rise. Thus when opiate discon-
tinuance or antafonist treatment removes the agonist, the high
synaptosomal Ca2t content in the absence of the opiate
produces greatly increased neurotransmitter release (Fig. 3)
This neuronal hyperexcitability then gives rise to the classic
withdrawal signs and symptoms. Therefore the raised Ca2t
levels observed during tolerance-dependence development should
result in hyperalgesia after morphine at receptor sites has
disappeared and this was verified experimentally. With de-
creased sensitivity to opiate there could be increased
responsivity to Catt and this was noted to be the case (72).
In fact, tolerant mice were significantly more sensitive to
Ca2* induced hyperalgesia than placebo controls. According
to this hypothesis, reducing intracellular ca2t should
attenuate the abstinence syndrome. In accordance with these
expectations, La3t administration reduced abrupt or naloxone-
induced withdrawal jumping in mice (16).

This model would suggest that Ca2t administration, by
inhibiting opiate effects, should reduce tolerance development
and such results have been noted previously (11-14). Further-
more, EGTA (due to its Ca2t depleting effects) should enhance
tolerance development, and again, such an effect has been
reported by Schmidt (73).

Biochemical Interactions

Lipid metabolism. Although a model has been provided to
explain the acute and chronic actions resulting from opiate
treatment, it is not currently possible to identify precisely
the molecular site(s) of opiate-Ca2+ interactions. Clearly
the most obvious sites of action are those where Ca2t metabolism
has been reported to be modified by opiates e.g. ca2t binding.
Also, there is as yet no definite evidence as to which mechanisms
modulate the switch from acute effects to tolerance development.

One possible form of Caz+-opiate interaction is drug-
induced inhibition of Ca2t binding at synaptic membrane sites.
However, as we have discussed previously the evidence for such
an effect in vitro is equivocal. Mulé (74) has proposed that
opiates displace Ca2t from anionic binding sites on phospholipid
molecules in neuronal membranes. The displacement of ca2t from
these phospholipid opiate receptors would thus result in changes
in membrane permeability to other ions, producing alterations
in neuronal excitability.

Mulé€ (75) has reported narcotic inhibition of phospho-
lipid-facilitated transport of 45ca 2+ between Chloroform
and water phases. However, this effect was shared by naloxone
and dextrorphan, as well as non-narcotic drugs and potency was
probably related to the degree of drug ionization. Greenberg
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Figure 1. Postulated role of Ca* in
acute opiate action.

Effects: Ca?®* uptake inhibited at 1, Ca®*
binding reduced at 2, synaptosomal Ca®*
decreased, cytosol Ca?* decreased, no neu-
rotransmitter release, counteradaptive re-
sponse at 2 is initiated to retain Ca®*.

Figure 2. Postulated role of Ca® in
chronic opiate action.

Effects: Tolerant-dependent state, Ca®** up-
take increased at 1 and 2, synaptosomal and
cytosol Ca?* elevated and opiate dependent,
high dose of opiate required to block up-
take at 1 and 2 (tolerance) and consequence
is increased ability to cumulate Ca*" at 2,
response to opiates at 2 now more than at
1 but opiate dependent.

Figure 3. Postulated role of Ca* in
withdrawal behavior.

2
Effects: Abstinence, inability to retain Ca®* 2 l 1
at 2, synaptosomal Ca?®" decreased, cytosol —_—
Ca®* increased—irritability increased Ca®* Ca -

loss at 2 readily reversible with opiates.
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et al. (76) later showed that morphine inhibited in vitro
binding of 45catt to purified bovine gangliosides_—Yacidic
glycolipids occurring in neuronal membranes). The antagonist
nalorphine had a biphasic effect, causing increased binding at
lower doses and decreased binding at higher doses. The effects
of nalorphine on morphine inhibition appeared to be complex,
with no clear antagonism.

Based on data that the phospholi 1d base-exchange reaction
in nervous tissue is stimulated by Ca?t and is energy dependent
(77); the more recent findings by Natsuki et al. (78) may have
greater relevance. These authors postulated that morphine may
alter the turnover and/or composition of membrane phospholipids
by a direct effect on the Ca2 -dependent base-exchange reaction.
Acute and chronic morphine treatment were found to increase basal
exchange (no Ca2t added) of (14C) serine in brain microsomal
membranes from rats, while chronic but not acute treatment in-
creased Ca?*-stimulated exchange. Morphine in vitro also
caused increases in basal and Ca2t-stimulated exchange that
could be reversed by naloxone. There was also some evidence
of increased (14C) ethanolamine exchange after chronic treat-
tment, while (1 C) choline exchange was decreased at all
CaZt concentrations tested. It is quite possible that the
marked changes in exchange observed after chronic treatment
represent a homeostatic mechanism, to overcome acute changes
in membrane properties. Thus an _increased serine turnover
would also result in increased Ca’t turnover, thereby
antagonizing acute inhibitory effects on Ca2t binding and/or
uptake.

Evidence that membrane phospholipids are involved in caZt
gating mechanisms, such as the recent report by Putney et al.
(79), are consistent with the notion that opiates acutely
alter Ca2t fluxes by inhibiting Ca2t binding to phospholipids.
However, the known actions of opiates at specific brain sites
needs to be reconciled with the widespread occurence of mem-
brane phospholipids. Recently work by Loh and co-workers
(80,81) has shown that the glycolipid, cerebroside sulfate
(CS) shows many of the properties of an opiate receptor.
Although the ubiqitous distribution of the glycolipid appears
to be inconsistent with the specific pattern of opiate receptor
distribution, it is argued that only the cerebroside sulfate
stragetically localized at membrane sites is critical. Hence
cerebroside sulfate (or other glycopids) in association with
certain unknown proteins may well represent a functional opiate
receptor, which not only would give specificity to opiate-
receptor binding but also to opiate-Ca2*-1ipid (cs)
interactions.

There is considerable evidence to support the supposition
that cerebroside sulfate might participate in opiate action.
The data have been derived not only from in vitro experiments
but in vivo ones as well and these papers have been cited and
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summarized (80). 1In brief, cerebroside sulfate fulfills the
structural requirements of the theoretical models postulated
for the opiate receptor. The putative opiate receptor isolated
from homogenates of mice brain was identified to be cerebroside
sulfate. Binding of opiates with cerebroside sulfate has been
demonstrated to be of high affinity and stereospecific.
Moreover, the concentration of various opiates required to
inhibit radioactive opiate binding to cerebroside sulfate
correlates well with their analgetic activity. Under con-
ditions where the availability of cerebroside sulfate is de-
creased, there is reduced responsivity to opiates. Thus,

the genetic mutant jimpy mice, which are known to have low
brain content of cerebroside sulfate, were found to be less
sensitive to morphine with respect to analgetic activity and
to have lower binding capacity for morphine than their litter
mate controls. Moreover, i.c.v. injection of the cationic
dye, Azure A to selectively bind cerebroside sulfate in the
brain also decreases morphine binding and analgetic potency.
While most of the above evidence is circumstantial and in-
direct, taken together it argues strongly for a role for cere-
broside sulfate (or other glycolipids) in opiate action.

Based on these and lipid metabolism data, Loh (81) has
proposed a model to account for both acute and chronic opiate
effects. It is suggested that opiate receptor binding results
in acute effects due to change in membrane 1lipid structure.
Since phospholipids are known to cause in vitro stimulation of
gene expression it is further argued that prolonged drug treat-—
ment and the consequent changes in lipid metabolism, may give
rise to the altered protein synthesis necessary for tolerance
and physical dependence development. It has been shown that
both syndromes, can be simultaneously inhibited by protein-
synthesis inhibitors (82). This model is clearly in accord
with the Ca2t model described earlier since the changes
outlined here could well involve changes in Ca2t metabolism
for both acute and chronic treatment.

ATPase

ATPase enzymes represent another possible site of opiate
interference with Ca2t flux, since these enzymes have an
important function in active ion transport (83). A number
of investigators have reported positive effects of opiates on
ATPase activity after in vitro, acute and chronic treatment
but no clear pattern emerges from these studies that can ade-
quately explain either acute effects or tolerance development
(ié’ .8_4-8_9) .

Studies of opiate effects on ATPase activities have been
conducted both by us and others, as a direct consequence of the
earlier results showing opiate-induced alterations in Ca2+
levels. Synaptic vesicles are known to contain
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neurotransmitters, while ca?t is important for neurotrans-
mitter release (71). Thus the changes in synaptic vesicle
ca?t content after opiate treatment (51, 52, 53) may represent
an interference with release mechanisms.

Following along these lines Yamamoto et al. (89) examined
the effects of chronic morphine treatment on the Mgz*;dependent
ATPase of synaptic vesicles. Since this enzyme has been impli-
cated in the regulation of neurotransmitter release (90,91), it
appears a likely enzyme candidate to be altered by opiates.
Consistent with this anticipation, it was found that the acti-
vity of Mg dependent ATPase in mouse brain synaptic vesicles
was significantlg increased with tolerance development while
that of the Mg?t dependent ATPase and Nat, KT activated
ATPase from SPM fractions were not altered. Kendrick et al.
(92) have shown that Mg2 -ATPase may be involved in the
accumulation of CaZt by synaptic vesicles; the increased
Ca2t content of vesicles seen in tolerant animals could thus
arise from increased enzymatic activity. Such a homeostatic
mechanism would serve to overcome reduced levels of neuro-
transmitter release due to the opiate.

Other possible opiate activation sites could involve
certain ATPases associated with calmodulin. A growing
literature suggests that such Ca2+—dependent regulator proteins
(calcium dependent regulator) regulate the activity of a number
of enzymes such as phosphodiesterase (93) and adenylate cyclase
(94) via the formation of Ca2t-CDR -enzyme complexes in
response to ca?t fluxes. Thus, they appear to represent a
link between different types of cell messenger, namely Ca +
and cAMP. It has further been postulated that calmodulin, a
CDR protein, is a likely caZt receptor site (95). These
proteins may thus represent an important site for Ca2+-opiate
interactions, with consequent alteration of enzyme activity.

The existing data on the effect of opiates on calmodulin
and Ca?t ATPase are confusing. A CDR protein isolated
from heat treated synaptosomal lysates, presumably calmodulin,
was found to stimulate Ca2t ATPase activity. Morphine
also stimulated Ca?t ATPase but inhibited Ca2t binding to this
protein (96) It is also reported from the same laboratory that
opiates inhibit ca2t ATPase activity in synaptic membranes (3).
On the other hand, Levin and Weiss (97) report no effect by mor-
phine on Ca2+ specific binding to calmodulin. Clearly,
more work is needed to clarify these discrepancies.

Adenylate Cyclase and Guanylate Cyclase

Because both adenylate cyclase and guanylate cyclase
appear to be Ca2+—dependent enzymes acting probably wvia CDR
proteins (98,99), several investigators examined the possibility
that opiate actions on these enzymes are related to changes in
Ca2t metabolism. Thus it has been shown that Ca2t must be
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present in the medium before opiates can induce changes in adeny-
late or guanylate cyclase activity (100-102). Adenylate cyclase
activity in neuroblastoma x glioma cell lines was considered to
be altered in a manner analagous to in vivo effects resulting
in tolerance and dependence. Thus, while short-term adminis-
tration results in enzyme inhibition, prolonged treatment
induces increased activity once the restraint imposed by the
drug has been removed (103). This system has been proposed as
a model for studying opiate effects related to tolerance/depen-
dence production, and has been employed recently in order to
investigate the Ca2+—dependence of opiate actions.

In a brief report, Wilkening (104) reported that morphine
inhibited both basal and Ca2t-induced adenylate cyclase activity
in hybrid cells. Brandt et al. (105) have shown that low Calt
levels and opiates produce similar effects on adenylate cyclase
response to prostaglandin E; (PGE)) in neuroblastoma x glioma
cell lines. Thus short-term (minutes) treatment produced de-
creased responses and long-term (hours) treatment produced
enhanced responses. However, it appeared that opiate and low
ca2t gave similar effects due to their similar action on
cAMP levels rather than because of direct Ca2t -opiate inter-
action in altering enzyme activity. Thus leucine enkephalin
reduced PGE] stimulated cAMP levels even in the absence of
CaZt from the external medium Furthermore, opiate activity
was not altered when the ionophore A23187 was used to increase
intracellular Ca2t levels. However, the authors urged
caution in considering these results as being at variance
with those that support involvement of ca2t in opiate actions,
pointing out that the hybrid cells differ considerably from
normal neuronal cells, for example in terms of opiate receptor
types.

Protein Kinase

Synaptic membrane-bound frotein kinase activity is
regulated by both cAMP and Ca (106,107). Opiates might thus
alter protein kinase activity by reducing ca2t availability,
either directly or indirectly via adenylate cyclase. Enzyme
induced protein phosphorylation is reported to cause altered
membrane ion permeability and thus changes in neuronal excitabi-
lity. Direct opiate effects on the enzyme could thus produce
changes in Ca2t distribution such as those discussed previously.

Clouet et al. (108) reported that both methadone and
morphine inhibited A23187-stimulated phosphorylation of SPM
in rat striatal synaptosomes; later the same workers showed
that in vitro phosphorylation was decreased in SPM from morphine
tolerant rats (109). Morphine in vitro did not affect protein
kinase activity and although high doses of morphine did inhibit
Ca2t-stimulated phosphorylation, the effect was not naloxone
reversible., More recently, Clouet and Williams (110) have
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shown that acute treatment of rats with a number of narcotics
and opiate peptides results in an initial increase, followed by
a subsequent decrease in striatal SPM phosphorylation in

vitro. This pattern resembled that due to Ca2t changes and

it was postulated that the opiates, by reducing intrasynapto-
somal Ca2+t levels, first gave rise to optimal ca2t  levels
(and hence increased phosphorylation), while further reduction
of Cat levels resulted in reduced phosphorylation. 1In
preliminary communications, it was reported that Ca2+-dependent
(but not Ca2+-1ndependent) phosphorylation of synaptic

protein was reduced by acute morphine treatment (111) and that
Ca2t and A23187-stimulated phosphorylation of synaptic

proteins in vitro was enhanced in preparations from morphine
tolerant mice (112).

Neurotransmitter release

A number of investigators have attempted to demonstrate
that the well-estalished ability of opiates to inhibit neuro-
transmitter release 1is related to opiate-Caz+ interactions.

Shikimi et al. (113) observed that Ca2t was necessary
in the incubation medium before high concentrations of morphine
(1073 M) could inhibit K*-stimulated acetylcholine release from
cerebral cortical slices. Also morphine inhibition of acetyl-
choline release from the cerebral cortex in vivo is antagonized
by both subcutaneous (114,115) and intraventricular injection
of Ca2t (116) as well as in the guinea pig ileum (36).

G8thert et al (117) have reported that Ca2t (1.3 mM)
evoked overflow of norepinephrine in the presence of high K+,
was inhibited by methionine enkephalin. However, Ca2+-promoted
overflow in the presence of A23187 was not inhibited by the
opiate. We have observed a similar failure of morphine to
inhibit A23187-stimulated release of norepinephrine (10). The
ability of the ionophore to transport Ca2t across membranes
is probably due to lipid soluble ionophore/Caz+ complex
formation (118). Thus the failure to affect ionophore-depen-
dent release, strongly suggests that opiates act by inhibiting
ca?t flow across membranes via potential-sensitive ion
channels. G8thert and Wehking (119) have also shown that
morphine inhibitory effects on norepinephrine release from rat
occipital cortex slices are overcome with increasing caZt
concentration in the medium. However, this may not indicate
a direct Caz+morphine interaction, since the large increases
in neurotransmitter release resulting from the increased
cat levels may simply have been masking the opiate effects.
We have observed that morphine effects on in vitro norepine-
phrine release are only reduced while ca2¥ increases result
in increased neurotransmitter release, but not when a maximum
release level is attained (lg). This would tend to argue
against a direct Ca2+>opiate involvement although a
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non-competitive inhibition of Ca2+ uptake is compatible with
these results.

Down and Szerb (120) and Szerb (121) have examined the
kinetics of evoked release of 3H-acetylcholine from the guinea
pig longitudinal muscle-myenteric plexus preparation both in
the presence and absence of morphine. Stimulation produced
an initial fast phase of release, followed by a slower phase.
Morphine reduced both the size of the pool and rate of release
of the fast efflux, but only the size of the pool of the slower
efflux. It was suggested that the effect of morphine on slow
release was due to hyperpolarization and not to any change in
excitation-release coupling such as decreased ca2t influx,
since this latter would mainly reduce the rate of release.
Furthermore, low ca2t and oxotremorine depress neurotransmitter
release due to reduced Ca2t influx into terminals (122,123)
and both were observed to reduce the rate of release but not
the pool size. In contrast to these results Sawynok and
Jhamandas (124) reported that morphine inhibition of acetyl-
choline release from the longitudinal muscle-myenteric plexus
preparation was inhibited by an increased Ca2t concentration
which itself did not increase acetylcholine release. This
perhaps suggests a direct opiate-Caz+ interaction. Szerb (121)
offers an alternative explanation however, suggesting that the
the increased Cat both hyperpolarizes neurons so that morphine
can not hyperpolarize them further, and also accentuates acetyl-
choline release per action potential due to increased Ca2+
entry, resulting in little overall change in release.

Conclusion

The cited literature indicates that there is much evidence

in favor of the suggestion that opiate drug effects involve
ca2t disposition in some way. However, the multiple, and
mutually interdependent actions of Ca2t in neuronal function
make it difficult to establish at which sub-cellular site or
sites significant opiate-Ca2+ interactions are occurring.
This is especially true since a number of Ca2+-dependent
effects are known to be susceptible to opiate action. The
picture is further complicated by the possibility that in some
cases opiate effects may not involve Ca2t, while in the
instances where opiate-Caz+ interactions can be demonstrated,
the effects on Calt may be either directly related to drug
action or may be the indirect consequence of other opiate
actions such as effects on body temperature, pH or oxygen
tension.

If altered Ca2t metabolism is the central and significant
feature of opiate agonist actions, this could be brought about
in one of two ways. Firstly, the drug could act at neuronal
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sites to produce altered activity of enzymes (adenylate cyclase,
protein kinase, ATPase), or lipid turnover and thereby lead to
changes in caZt disposition (e.g.Ca2+ flux) and drug effects.
Secondly, the drug might directly interact with caZt to

produce its effects e.g. by inhibiting ca2t binding.

Alternatively, it may be argued that the opiate induced
changes in Ca2+ flux, may be secondary to altered neuronal
activity caused by other more important opiate actions which
do not directly involve Ca2t metabolism. Similarly, it may
be that while Ca2t has often been observed to antagonize
opiate effects, this only indicates that the Ca2t can alter
levels of neuronal activity but does not prove a direct effect
of opiates on Ca2t. Since these two differing interpretations
may be placed on much of the data, it would seem that an im-
portant objective for future work in this field is to instigate
research which will effectively demonstrate whether or not
opiate effects are being produced as a direct consequence of
drug effects on Ca +,

If opiates and opiate peptides are acting on Ca2t dis-
position they are not unique in this respect. Neurotransmitter
release is known to be a Ca +-dependent process, and, in
fact a number of neurotransmitters or pharmacologic agents
tors such as norepinephrine, adenosine and oxotremorine have
been reported to act by inhibition of Ca?t influx (123,125,126).
This must mean that opiates produce their characteristic spectrum
of effects, not because they have a unique mode of neuromodula-
tory action, but because the receptors for the endogenous
opiate ligands are located stratgetically at selective neuronal
sites for the mediation of their specific effects.
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Calcium Antagonism and Antiepileptic Drugs

JAMES A. FERRENDELLI

Washington University Medical School, Division of Clinical Neuropharmacology,
Department of Neurology and Neurological Surgery and Department of
Pharmacology, St. Louis, MO 63110

The mechanisms of action of most antiepileptic
drugs presently in use are poorly understood. However,
it is generally agreed that their anticonvulsant effect
are probably due to some action on neurotransmission or
a direct action on membrane function, particularly
ionic conductances, or both in CNS. We have attempted
to evaluate the influence of antiepileptic drugs on
calcium conductance in brain tissue. Studies of the
effects of phenytoin on Ca permeability in isolated
nerve terminalls (synaptosomes) indicate that this drug
inhibits depolarization induced Ca uptake. It appears
to selectively reduce sodium permeability and, as a
result of this, diminish the degree of membrane
depolarization, thus, indirectly, reducing stimulus-
coupled Ca accumulation. Phenytoin also inhibits Ca
uptake by a sodium-independent process, and we suggest
that this may be a result of its presence in cellular
membranes and physically distorting their
organization. Carbamazepine and lidocaine have effects
on Ca conductances similar to those of phenytoin, but
other antiepileptic drugs are relatively ineffective.
These data, in conjunction with other reported results,
lead to the conclusion that the anticonvulsant actions
of phenytoin, carbamazepine and lidocaine are partially
due to actions on ionic (Na and Ca) permeability in
nervous tissue. The relationship between this
mechanism and the selective clinical effects of
antiepileptic drugs is discussed.

Primary, commonly used antiepileptics include phenytoin,
phenobarbital, primidone, carbamazepine, ethosuximide and
valproic acid. 1In addition, two benzodiazepines, diazepam and
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clonazepam, are used extensively to treat seizure disorders.
These compounds represent six different chemical classes and

thus may be expected to have diverse actions. However, the
mechanisms of action of antiepileptic drugs are poorly
understood at the present time. Presently, available

information suggests that augmentation of inhibitory
neurotransmission and alteration of ionic conductances in
excitable membranes may be important for the antiepileptic
effects of many available drugs. The relationship betwen
anticonvulsant drugs and calcium is of particular interest.
Studies in our laboratory have suggested that some
antiepileptic drugs affect calcium conductances in nervous
tissue and may also affect other ionic conductances (1-3). The
present report reviews these studies and a hypothesis
explaining the role calcium antagonism in antiepileptic drug
mechanism is presented.

Experimental Methods

In the experiments described in this report calcium
conductance was measured in nerve terminals (synaptosomes)
isolated from rat cerebral cortex. Calcium conductances in
these subcellular particles have been characterized and
described extensively by Blaustein and colleagues and it
appears that synaptosomes possess many of the properties of in
situ nerve terminals (4-7).

Briefly, synaptosomes were prepared (8) and calcium uptake
was measured in the following manner. Four rats were killed by
asphyxiation and their brains were rapidly removed and placed

in ice-cold 0.32 M sucrose. The forebrains, excluding
olfactory bulbs, were homogenized in 5 volumes of sucrose in a
teflon-glass homogenizer. After centrifugation to remove

nuclei and debris, the synaptosomes were 1isolated by
differential centrifugation in a discontinuous sucrose
gradient. Ice-cold buffer, which was identical to control
buffer (see below) except that it contained only 0.02 mM CaClz,
was slowly added to the 0.8 M sucrose fraction enriched with
synaptosomes to adjust the sucrose concentration to 0.32 M.
Synaptosomes were recovered by centrifugation and suspended in
control buffer containing 132 mM NaCl, 5 mM KCl, 1.2 mM each of
CaCl,, MgCl, and NaH,PO,,, 2 mM tris, and 10 mM glucose, pH 7.4,
to give a final concentration of 1.2-1.6 mg prot/ml.

Aliquots (0.5 ml) of synaptosomal suspension were pre-
incubated for 25 min at 30° C. When effects of drugs were
examined, they were added to the synaptosomal suspension at the
beginning of the preincubation p E}od at various con-
centrations. Following preincubation Ca uptake was initiated
by the addition of 0.5 ml of one of the following solutionms,
each containing 0.5 uCi 4SCaC12/ml: (1) control buffer; (2)
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control buffer containing various concentartions of
veratridine; (3) a buffer identical to control buffer except
that it contained 17 mM NaCl and 120 mM KCl. In experiments
where effects of drugs were examined, they were included in
these buffers at designated concentrations. In some
experiments (see results), MnCl, or tetrodotoxin was inclzged
in the buffers. Following incubation in the presence at Ca
for various times as indicated in the results section, uptake
was terminated by the rapid addition of 6 ml of ice-cold stop
buffer containing 132 mM NaCl, 5 mM KCl, and 3 mM EGTA adjusted
to pH 7.4 with tris base. Immediately following this the
suspension was filtered through glass fiber filters (GF/A
Whatman, Inc.). The filters were washed with an additional
stop buffer and then placed in glass vials containing 10 ml of
scintillation cocktail (Scintiverse, Fisher Scientific Co.) and
counted in a 1liquid scintillation counter. Results were
expressed as stimulated calcium uptake, which is the
accumulation of Ca in the presence of veratridine or high K
minus the uptake in control buffer.

Characteristics of Calcium Uptake in Synaptosomes

Addition of 45Ca to synaptosomes incubated in control
buffer (132 mM Na, 5 mM K) results in a rapid uptake of the
isotope during the first five seconds, a slower accumulation
for the next 25 seconds, and very little or no additional
uptake thereafter. Increasing the [K] in the incubation media
markedly augments Ca uptake. This stimulatory effect of K
seems to occur immediately and is essentially complete within
the first 30 sec. Veratridine also increases synaptosomal Ca
uptake, but its onset of action is slower than that of K and
requires 3 min or longer for completion. The maximum effect of
veratridine 1is similar to that of K, however, and the
stimulatory effect of both K and veratridine on Ca uptake are
concentration-dependent.

Tetrodotoxin, at concentrations of 10"7 M or greater,
blocks the action of veratridine 90% but has ng effect on the
action of K, even at concentrations up to 107° M (Figure 1).
In contrast, Mn inhibits Ca uptake stimulated by veratridine
and K in similar fashions, with an apparent ID o of 1 mM for
both and essentially complete blockade at 10 mM E%igure 1).

Apparently K and veratridine have different mechanisms for

stimulating calcium uptake. High concentrations of
extracellular K reduce the normally 1large gradient between
intra- and extracellular K 1levels and cause membrane

depolarization. 1In contrast, veratridine prevents inactivation
of Na channels, thus allowing excessive accumulation of Na
intracellularly, and this, in turn, results in membrane
depolarization. 1In either case Ca uptake is stimulated by the
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depolarization. Since the effect of veratridine is Na-
dependent, it is inhibited by tetrodotoxin, a specific blocker
of Na channels (9). In contrast, the action of K is Na-
independent and is unaffected by tetrodotoxin. Obviously, Mn,
which acts primarily by occluding Ca channels (10), has an
equivalent effect on K- and veratridine-induced Ca uptake.

Effect of Phenytoin and Other Hydantoins

Phenytoin also affects calcium uptake in synaptosomes.
Similar to Mn, it inhibits the action of both veratridine and
K, but 1like tetrodotoxin it is much more effective against
veratridine (Figure 2). Stimulated Ca uptake produced at all
concentrations of K between 15 and 64 mM is inhibited 20% by
0.1 mM phenytoin, and this is unaffected by tetrodotoxin.
Examination of the dose-related effect of phenytoin on
stimulated Ca uptake produced by 23 and 64 mM K reveals
identical proportional inhibition of both. Thus, inhibition of
K-induced Ca uptake by phenytoin 1is independent of K
concentration. 1In contrast, there appears to be a competitive
interaction between veratridine and phenytoin. Phenytoin has a
much greater inhibitory effect, proportionally, on Ca uptake
stimulated by low concentrations of veratridine than that
produced by higher concentrations. For example, 35 uM
phenytoin caused 50% inhibition of Ca uptake produced by 5 pM
veratridine, but ~ 225 uM phenytoin is required for 50%
inhibition of the Ca uptake produced by 100 puM veratridine.

Thus, phenytoin appears to inhibit K-induced and
veratridine-induced calcium uptake by different mechanisms.
Present data demonstrate that phenytoin has an action similar,
but not identical, to that of tetrodotoxin, as well as an
action 1like, but also not identical, to that of Mn. Other
investigators have reported that phenytoin blocks Na channels
in lobster nerve and squid giant axon (11-13) and this is not a
Ca-dependent process. The present data demonstrate that
phenytoin is able to block K-stimulated Ca uptake, and this is
unaffected by tetrodotoxin, indicating that this effect is
independent of Na. We think that all of the data together
suggest that phenytoin can inhibit both Na and Ca conductances
in nervous tissue and that these are separate and independent
processes. The present results also indicate that Na
conductance may be more sensitive to the inhibitory action of
phenytoin, but more research will be necessary to prove this
contention.

The effects of phenytoin on K- and veratridine-induced Ca
uptake have been compared with those of other hydantoins (Table
1). These include the major in vivo metabolite of phenytoin,
hydroxyphenyl-phenylhydantoin (HPPH); mephenytoin, another
antiepileptic hydantoin; its major metabolite, S5-ethyl-5-
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phenylhydantoin; and hydantoin itself. All compounds except
hydantoin inhibit both K- and veratridine-induced Ca uptake at
concentrations less than 1 mM (the highest dose tested).
However, HPPH, mephenytoin and its demethylated derivative are
all 1less potent than phenytoin by an order of magnitude.
Similar to phenytoin, the other effective hydantoins are more
active against veratridine than against K-stimulated Ca
accumulation, although none exhibit as much selectivity as
phenytoin. Thus, the inhibitory action of phenytoin on ionic
permeability is significantly altered by modification of its
molecular structure. The addition of a hydroxyl group to one
phenyl ring or replacement of a phenyl group with an alkyl
group diminishes potency and seems to decrease the relatively
greater inhibitory action against Na-dependent Ca uptake.
These changes in effects may simply be due to lower 1lipid
solubility of the other hydauntoin derivatives. Regardless, the
results suggest that phenytoin has actions which are
quantitatively, and perhaps qualitatively, different from those
of other anticonvulsant hydantoins.

Table 1

Inhibitory Effects of Hydantoins
on K- and Veratridine-Stimulated
Calcium Uptake in Synaptosomes

Drug Drug Concentration (um) Producing 507%
Inhibition of Ca Uptake
Veratridine K
Phenytoin 35 350
Hydroxyphenyl-
phenylhydantoin 210 900
Mephenytoin 800 1200
5-Ethyl-5-phenyl-
hydantoin 450 1600
Hydantoin 10,000 10,000

Effect of Other Antiepileptic Drugs

We have also tested several other anticonvulsant drugs and
found that carbamazepine, phenobarbital, 1lidocaine, and
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diazepam inhibit stimulated Ca uptake in synaptosomes (Table
2). Ethosuximide and valproic acid, however, have no effect
exept at a concentration of 10 mM, and even at this extremely
high concentration they produce only very little inhibition.
Phenobarbital is clearly less potent than phenytoin by an order
of magnitude or greater , but carbamazepine, lidocaine and
diazepam are nearly equipotent with phenytoin. Similar to
phenytoin, carbamazepine and 1lidocaine blocked veratridine-
stimulated Ca wuptake much better than K-stimulated uptake.
Phenobarbital and diazepam have 1little or no differential
effect on the two depolarizing agents, however. Thus, with the
exception of ethosuximide and valproic acid, all antiepileptic
drugs tested are effective. However, phenobarbital is
considerably less potent, and both phenobarbital and diazepam
do not appear to have any slective effect against veratridine-
iduced Ca uptake.

Table 2

Inhibitory Effects of Some Anticonvulsant Drugs
on K- and Veratridine Stimulated
Calcium Uptake in Synaptosomes

Drug Drug Concentration (um) Producing 50%
Inhibition of Ca Uptake

Veratridine K
Phenytoin 35 350
Carbamazepein 100 1800
Lidocaine 10 > 1000
Phenobarbital 1350 4500
Diazepam 65 100
Ethosuximide >10,000 >10,000
Valproic Acid >10,000 >10,000

Thus, only carbamazepine and lidocaine have actions very
similar to those of phenytoin. Lidocaine, as well as most
other 1local anesthetics, inhibits Na conductance in nerve
fibers (14, 15). There are also limited data indicating that
carbamazepine is capable of blocking Na permeability in
Myxicola giant axons (16). These data, in conjunction with the
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present results, suggest that carbamazepine and 1lidocaine
inhibit both Na and Ca conductances in nervous tissues similar
to phenytoin.

The mechanisms responsible for inhibition of ionic
conductances exhibitedby the several drugs described above are
poorly understood at present. It has been proposed that local
anesthetics (e.g., lidocaine) selectively block Na conductance
by combining with specific receptor sites in or near the Na
channel (14,17). Possibly phenytoin and carbamazepine also act
at sites on or near Na channels, and these two drugs may have
specific and selective action on Na conductance, perhaps
similar to that of lidocaine. Whether these drugs and others
examined in this study block Ca conductance by a direct or
indirect process is difficult to ascertain. We are impressed,
however, with the fact that the more 1lipid soluble agents
(e.g., diazepam) are more effective inhibitors of Na-
independent Ca uptake than the more water soluble compounds
(e.g., phenobarbital). Perhaps Na-independent inhibition of Ca
conductance results from a drug entering cellular membranes in
sufficient quantity to physically distort their organization
and by this means modify the structure and function of ionic
channels. We suggest that this mechanism may best explain
inhibition of K-induced Ca uptake observed with phenytoin,
lidocaine and carbamazepine and may also explain the actions of
diazepam and phenobarbital on both K- and veratridine-induced
Ca uptake.

Role of Calcium and Sodium Antigonism in Anticonvulsant
Mechanisms

An 1issue worthy of consideration is the question of
whether the antiepileptic or other clinical effects of any of
the drugs examined here are wholly or partially a result of
their inhibition of Ca and/or Na movement across cellular
membranes. Although there are several factors that could be
considered when attempting to answer this question, one of the
more important is drug concentration. Obviously, if an action
of a drug is related to its clinical effect, both would be
expected to occur at the same or nearly the same drug
concentration. Therapeutic concentrations of antiepileptic
drugs (18) are 1listed in Table 3. Only phenytoin,
carbamazepine, and perhaps 1lidocaine inhibit veratridine-
induced Ca accumulation at concentrations which approximate
their “therapeutic levels.” K-induced Ca uptake is also
inhibited a small amount (10-20%) by “"therapeutic levels” of
phenytoin. All of the other actions observed in this study
occur at drug concentrations which are 1-2 or more orders of
magnitude higher than those usually achieved clinically. Thus,
we conclude that inhibition of Na and/or Ca uptake could be a
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mechanism of action wunderlying the «clinical effects of
phenytoin, carbamazepine and 1lidocaine, but this process
probably is not involved in the clinical effects of the other
drugs examined in this study.

Table 3

Clinically Effective Blood Levels
of Some Antiepileptic Drugs

Drugs Therapeutic Blood Level (um)
Phenytoin 40 - 80

Carbamazepine 20 - 50

Phenobarbital 60 - 160

Diazepam 1

Ethosuximide 350 - 700

Valproid Acoid 350 - 650

Lidocaine 10 - 20

Furthermore, we think that one may also conclude that the
clinical effects of phenytoin, carbamazepine and lidocaine are
most likely due to their inhibitory action on Na uptake rather
than a primary action on Ca conductance. This is based on the
finding that much lower concentrations of all three drugs are
needed to inhibit veratridine-stimulated (i.e., Na-dependent)
Ca uptake than are required to 1inhibit K-stimulated (Na-
independent) Ca uptake. This does not necessarily imply that
an alteration of Ca conductances 1is not involved in the
clinical effects of the above drugs. In the CNS, in situ, Ca
uptake is stimulated by cellular depolarization which results
from augmented Na influx. Obviously, impairment of Na influx
by a drug would secondarily diminish Ca uptake. Also, at least
in the case of phenytoin, direct inhibition of Ca uptake may
have a role in its clinical effect.
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Relationship of Cyclic Nucleotides and Calcium

in Platelet Function

G. C. LE BRETON, N. E. OWEN, and H. FEINBERG
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Platelets are intimately involved in the prevention
of blood loss upon vascular damage as well as in the

discoid-shaped cells approximately 2-3 um in diameter.
anucleated, platelets contain mitochondria, glycogen particles

genesis of certain forms of cardiovascular disease.
Although the precise mechanisms involved in the control
of platelet function are unknown, Ca * and adenosine
3'5'-cyclic monophosphate (cAMP) appear to modulate
the levels of platelet reactivity. In this regard,
platelet activation is generally associated with _an
increase in the concentration of cytosolic Ca“ .
Thg§, an elevation in the 1levels of intraplatelet
Cac", whether as a consequ%ﬂpe of increased platelet
me@Qrane permeability to Ca or release of internal
Ca®", 1is 1linked to the processes of shape change,
aggregation and secretion. On the other hand, agents
which stimulate adenylate «cyclase activity, e.g.,
prostacyclin or prostaglandin Ep, are potent inhibi-
tors of platelet function. It has been suggested that
cAMP inhibits platelet activation by reducing the
availability of cytosolic Ca¢*. In this connection,
it_has been shown that cAMP promotes the uptake of
Ca®" into an isolated platelet membrane fraction
resembling the sarcoplasmic reticulum of muscle.
Furthermore, in intact platelets, increases in cAMP
are directly related to enhanced intraplatelet cal*
sequestration and reduced Ca *  mobilization in
response to various ﬁgpnists. This ability of cAMP to
modulate platelet Ca levels may be related to the
phosphorylation of specific platelet proteins involved
in a cAMP-dependent cat* pump.

Blood platelets circulate in the vascular system as discrete
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and various types of storage organelles. Osmophilic granules
called dense bodies are the storage sites for adenosine diphos-
phate (ADP), adenosine triphosphate (ATP), serotonin (5-HT)

and Cal* (1). Vvarious proteins and platelet factor (4) (2)
are stored in another population of granules designated alpha
granules. In addition, platelets possess a bundle of microtu-
bules which course around the circumference of the cell just
beneath the plasma membrane (3). It has been suggested that
these microtubules function to maintain the discoid shape of the
unstimulated platelet (4) as well as to facilitate the secretion
of the platelet granules during cellular activation (5).
Platelets also possess two internal membranous structures; one
is termed the external canalicular system which has been shown
to be an invagination of the outer plasma membrane (6). The
other is termed the dense tubular system which is believed to
function in a manner analogous to the sarcoplasmic reticulum of
muscle in regulating cytosolic Ca¢* levels (7).

When isolated platelets are exposed to various physiological
agonists, e.g. ADP, they are triggered to undergo a sequence of
morphological and functional alterations. One of the first
events involves a transition from smooth discoid-shaped cells to
cells which are more spherical in shape with blebs or pseudopodia
projecting from their surface. The platelet shape change
response is followed by a change in the adhesive properties of
the external platelet membrane which facilitates platelet-
platelet adhesion. Under these conditions the platelets begin
to clump together or aggregate.

A separate phenomenon, described by Grette (8) as the release
reaction, is the secretion of granular constituents from the
alpha granules and the platelet dense bodies. This process
appears to be an amplification mechanism whereby the released
substances, e.g. ADP, serotonin, Ca’®, etc., promote surround-
ing platelets to undergo further aggregation. This is presumably
the mechanism of platelet plug formation which acts to prevent
the loss of blood from a damaged vessel in vivo (9).

Under in vitro conditions the platelet response of shape
change folTowed by aggregation followed by secretion appears to
be a coordinated sequence of a single activating event (10). On
the other hand, aggregation need not be preceded by shape change
(e.g. as after addition of epinephrine) and secretion can occur
as the initial event. Thus shape change, aggregation and
secretion are independent processes; however, they appear to be
controlled by a common intracellular messenger, i.e. ionic
calcium,

Calcium activation of platelet function

There is compelling evidence to suggest that Cal* serves
as a common mediator of platelet functional change. Thus,
addition of the divalent cation ionophore, A23187, to a platelet
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suspension results in shape change, aggregation aﬂg secretion
(11-17). Since A23187 can induce a net uptake of "“Ca in many
cell types % was suggested that platelet activation is
triggered by‘“ﬁe Ca¢” brought in by the ionophore. However,
A23187-stimulation of both platelet shape chagge and secret1on
also occurs 1in the absence of external (11,12,13 17)
Therefore, the Ca’" involved in this process d?_ act1vat1on
must be derived from an intraplatelet source. On this basis it
was proposed that platelets maintain an internally releaseable
pool of Ca +, which when mobilized, serves to initiate platelet
functional change. One possible source for this releaseable
Ca’* is the platelet dense tubular systeg (DTS) (7). Thus, a
stimulus which causes the release of Ca from this membraBe
system would ultimately lead to an elevation of cytosolic Ca
Tevels.

Although this model was consistent with results obtained
using A23187, which is known to alter intracellular cation
gradients (18,19), a similar mechanism of action by physiolo-
gical platelet” agonists, e.g. ADP, epinephrine, thrombin,
thromboxane A, etc. had not been demonstrated.

ADP-stimulated Cal* mobilization. On th1§ bas1s, we inves-
tigated an increase in intracellular a possible
mechanism of platelet activation induced by ADP In these
studies it was first demonstrated that ADP-stimulated shape
chgnge and aggregation is not associated with a transmembrane

influx (20). This observation was subsequently confirmed
by Massini and Luscher (21). Based on thess findings it was
concluded that an elevation in cytosolic Ca in response to
ADP must be derived from intra- platelet storage sites.

In order to pursue this question we developed a techn1q§e
which  permitted the measurement of intracellular
movements in 1ntact p]atelet This was accomp]1shed
through the use a -sens1t1ve fluorescent probe,
chlortetracycline (CTC), and a photon counting microspectro-
fluorometer.

CTC had been previously used as a means of monitoring changes
in intracellular Ca?" binding in many cell systems including
sarcoplasmic reticulum (23), red blood cells (24) and mitochon-
dria (25). CTC is known to form a highly fluorescent pH insen-
sitive (pH 6.0-8.5) adduct when chelated with divalent cations
bound tqg b1olog1ca% membranes (26). Even though CTC chelates
both Mg?* and Ca , it was previously reported using red
blood cells (24) and confirmed by our measurements in platelets
(22) that the observed fluorescence stems almost entirely from
the Ca-CTC adduct. The characteristic which makes CTC a valuable
intracellular Cal* probe is that the f]uorescence intensity of
the Ca-CTC complex markedly decreases when the Ca¢* is released
from the membrane to a more polar environment, e.g. the cytosol
(27). Consequently, relative changes in ce]]ular fluorescence
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can be used as an index of transient alterations in the avail-
ability of intraplatelet ionic calcium.

Using this procedure we demonstrated that the addition of
ADP (1 uM) }9 platelet rich plasma resulted in a mobilization of
platelet Ca¢” (as evidenced by a decrease in fluorescence)
which occurred coincident with a change in platelet shape
(Figure 1). In order to eliminate the possibility that the

éerved change in fluorescence represented alterations in
Ca , binding to the platelet external membrane, the external
Ca? pool was eliminated by prior addition of EGTA (3 mM).

Furthermore, when the platelets were pretreated with ATP,
which acts as a specific ADP antagonist (28), platelet shape
change and the change in Ca-CTC fluorescence were both inhi-
bited. It can also be seen that stimulation of platelet shape
change by the divalent cation ionophore, A23187, was _associated
with a similar redistribution of intraplatelet Ca *.  These
findings provided evidence that platelet activation induced by
ADg+ is mediated through an internal release of membrane bound

This notion was supported by additional studies in which
platelet water was totally exchanged with deuterium oxide
(D20) (29). Dy0 had been previously shown to block the
release of Ca from the sarcoplasmic reticulum of barnacle
muscle and inhibit muscular contraction (30). Since the
platelet DTS is thought to function in a manner analogous to the
sarcoplasmic reticulum in muscle, we examined the possibility
that Dp0 would have a similar inhibitory effect in platelets.
This was indeed found to be the case, i.e., Dp0 inhibited both
shape change and aggregation st1mu1ated by ADP (29). Other
studies have suggested that treatment (20-60%) can
result in enhanced aggregation (gl) In these experiments,
however, aggregation was induced with the divalent cation
ionophore A23187, rather thag ADP. Since it is known that D0
will also facilitate *_stimulated muscle contraction
(32,33) the effects of 020 on Jjonophore-induced platelet
activation would be considerably different from its effects on
ADP-induced platelet activation. Thué with A23187, D0 would
augment the effects of available Ca whereas with ADP, D20
would inhibit Caé release.

Epinephrine-stimulated Ca?* influx. Our results with 020
also provided evidence that a different platelet agomsf2
epinephrine, does not act through the same mechanism of Ca
mobilization as does ADP. In this regard, D0 was not found
to be effective 1in blocking epinephrine-induced platelet
activation (29). Therefore, we investigated the possibility
that epinephrine, in contéast to ADP, increases platiget
membrane permeability to Ca Using trace amounts of
it was demonstraEed that ep1nephr1ne does in fact induce a
transmembrane Cac" influx which is concomitant with the
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Figure 1. Relationship between light scattering ( ) and fluorescence (-—-)
of platelets containing chlortetracycline. (Reproduced, with permission, from Ref.
22. Copyright 1976, Biochemical and Biophysical Research Communications.)

Human platelets were incubated at 25°C with 50 uM CTC for 40 min. The plasma was
supplemented with 3 mM EGTA to prevent aggregation. Platelets from a portion of the
plasma were then pelleted through silicone oil, and fluorescence was determined in a
microspectrofluorometer (400 nm excitation: 530 nm emission). A: ADP (I yM) was
added to the plasma, and samples were pelleted and analyzed for fluorescence at 60, 130,
and 220 s; each time point represents the mean = SEM of 25 samples from three
different blood donors. Platelet shape change in response to ADP (1 uM) was separately
determined by measuring the intensity of scattered light at 90°C. The change in platelet
shape represents a typical platelet response in the presence of 50 yM CTC. B: Inhibition
of ADP induced shape change and platelet fluorescence change by treatment with ATP
(10 uM). ADP (1 uM) was added 60 s after ATP. The fluorescence values at each time
point represent the mean = SEM of 16 samples from two different blood donors. C:
Relationship between platelet shape change induced by A23187 (I yM) and fluorescence
change. The fluorescence values at each point represent the mean * SEM of eight
samples from two blood donors.
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aggregation response (34) (Figure 2). This 45ca uptake was
dependent upon the dose of epinephrine employed (10-0.1 uM) and
was not stimu]ated by d-epinephrine which is biologically
inactive Ev1%ence that a change in platelet membrane
permeab111ty to Ca was specifically mediated through a
receptor interaction was provided by the finding that the
a-receptor antagonist, phentolamine, blocked "°Ca uptake as
well as platelet aggregation (34). Finally, pretreatment of the
platelets with verapamil, “which - selectively blocks Ca
3hannels in cardiac cells, inhibited both epinephrine-stimulated
Ca uptake (Figure 3) and platelet aggregation but did not
inhibit aggregation stimulated by ADP (34). The nh1b1t1on b¥
verapamil could in turn be reduced by external
supplementation.

These findings provided evidence that the mechanism by which
epinephrine stimulates platelet functional change is through
enhanced membrane permeability to calcium. This effect of
epinephrine appears to be in marked contrast to the mechanism of
ADP-stimulation which is presumably mediated through internal
Cal* release.

ADP-stimulated Na* influx. Although the nature of the ADP
interaction with plateTet receptors to induce calcium redistri-
bution is unknown, it is clear that ADP does not penetrate the
membrane (35). It is possible that the ADP-platelet interaction
involves the flux of other ions as part of the stimulus-transfer
pathway. In this respect platelets, l1ke other cells, maintain
low intracellular Na* levels and high K* levels (36); presum-
ably, as a consequence of an Na' efflux pump. We therefore
investigated the possibility that ADP- 1nduced platelet
activation is associated with an altered flux of Na*

ADP added to resting platelets 1nduced a Sudden rise in
2ENa uptake, an increase in platelet Na*, and a decrease in
K" (Figure 4) (37). Earlier studies had shown that platelet
water volume does_ not increase after ADP-induced _aggregation
(38), and using Cl, we found no increase in C1 uptake
(37). An uptake of Na* was not seen after GDP addition.
Furthermore, the uptake of Na occurred simultaneously with
the onset of shape change and aggregation (37,39,40). On the
other hand, epinephrine-induced aggregation, shown earlier to
induce Ca" uptake, had no effect to induce 22Nq uptake
(Figure 5) (39,40). Consequently it appears that cation influx
is agonist specific, at least with respect to activation by ADP
or by epinephrine.

Whether the uptake of Na* associated with ADP-induced
shape change and aggregation is the primary stimulus-transfer
pathway of activation has not been established. Platelets
maintain a membrane potential (negative inside) (41), and
activation may ensue in association with a change in meMB_ane
potential and an increase in permeability to Na A sudden
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Figure 2. Ca® uptake associated with primary aggregation induced by epinephrine
or ADP. (Reproduced, with permission, from Ref. 34. Copyright 1980, The
American Physiological Society.)

Aspirin (1 mg/mL) or indomethacin (20 yM) treated human blood platelets were isolated
by albumin density gradient centrifugation and resuspended in Tyrode buffer (pH 7.4)
in which the ionic calcium concentration had been adjusted to 100 yM with CaCl,.
Thirty min after CaCl, addition, the platelet suspension was supplemented with fibrino-
gen (0.1 mg/mL), 1?5 ]-human serum albumin, and 4Ca. Three min later, aggregation
was induced by epinephrine (1 yM), or ADP (I yM), and 1 mL aliquots of the platelet
suspension*were withdrawn at 60, 150, and 240 s following the addition of aggregating
agent. The platelets were then analyzed for Ca®** uptake. Each point represents the
mean = SEM of 16 samples from four blood donors.
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Figure 3. Inhibition of epinephrine-induced Ca® uptake by verapamil in resus-
pended platelets. (Reproduced, with permission, from Ref. 34. Copyright 1980,
The American Physiological Society.)

Platelets were isolated and Ca®" uptake was determined (conditions were as stated in

Figure 2). Resuspended platelets were incubated with verapamil (50 yM) for 1 min

before addition of epinephrine (I yM). Each point represents mean = SEM of 28
samples from seven separate blood donors.
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Figure 4. Effect of ADP on platelet Na* and K* and **Na* ‘space.’ Platelet rich
plasma was incubated at 37°C in the absence (panel A) or presence (panel B) of
ouabain (1 yM). The arrow indicates the time of addition of ADP to an aliquot of
the sample. Key: @, ?*Na* ‘space’; /\, Na* content; and O, K*content of the
unstimulated platelets. The separate symbols aligned with the arrow depict the
same measurements obtained 60 s after the addition of ADP. Samples were taken
at slightly different times in four experiments; the time ranges are shown by the
horizontal bars. Each point represents the mean = SEM. (Reproduced, with
permission, from Ref. 37. Copyright 1977, Elsevier Biomedical Press B.V.)
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Figure 5. Effect of epinephrine on Na' uptake by platelets. Uptake of Na* (neq/

102 platelets) is based on an average value of 165 meq/l of Na in citrated plasma.

Aggregation initiated by ADP ([, 10 uM) or by epinephrine (1g, 10 yM); values

represent mean * SEM of 10 experiments. (Reproduced, with permission, from
Ref. 40. Copyright 1981, Elsevier Biomedical Press B.V.)
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rise in platelet Na* %vels could function to activate plate-
lets by displacing Ca from bound sites. This possibility is
cons1stent with the findings of Steiner and Tateishi (42) that
cat* sequestrat1on by platelet membranes is inhibited by Na*
and enhanced by k* In th1s connection we found that ouabain,
which increases the Na*t level in platelets, induces an
increased sensitivity to both ADP and to epinephrine activation
(39).

Involvement of Cal* in potentiated aggregation. It has

been known for some time that low doses of epinephrine will
potentiate platelet aggregation induced by ADP (43,44). We next
investigated whether these same distinct mechanisms of ADP and
epinephrine are operative during potentiation of aggregation by
each agonist (45). On this basis we examined whether the
mechanism of epinephrine pgtentiation is due to alterations in
membrane permeability to Ca¢®. It was found that a requirement
for epinephrine potentiation is indeed a transmembrane Ca
flux, since the potentiated response was completely abolished by
veEapamil. This inhibition was in turn partially reversed by

supplementation. Based on these results, it was froposed
that low doses of epinephrine induce an uptakg+ of Ca which
prgmotes the ability of ADP to redistribute Ca from internal

stores. This potentiation could proceed through a process
of calcium-induced-calcium release as has been suggested to
occur in the sarcoplasmic reticulum of muscle cells (46).

Support for this notion was provided in a study which inves-
tigated the effects of 1low dose epinephrine on intra-platelet
binding. Using intact platelets and the Cal*_sensitive
probe CTC, we found that sub-aggregatory doses of _epinephrine

can indeed lead to a mobilization of intraplatelet Cal™, stores
(47) (Figure 6). An essential feature of this "epinephrine-
stimulated La2 redistribution" was a transmembrane Cal*
flux since the mobilization process was blocked by verapamil.
gs, it appears that an initial increase in intraplatelet
, aS a conssquence of calt uptake, can in turn promote
the release of Ca“  from int rnal binding sites. The signi-
ficance of the internal Ca’’ release observed with epinephrine
is unclear. Presumably it does not constitute a major source of
the increase in cytosolic Ca’*, since D0 which would be
expected to stabilize the DTS does not block ep1nephr1ne-1nduced
aggregation. Rather this ability of Ca?* 'to stimulate
additional Cac”* re]ease may erve as  an amplification
mechanism by which the effect of Ca¢* influx is enhanced.

Ca%* mobilization by metabolites of arachadonic acid. One
possible mechanism by ¥h1ch this amplification process could
proceed is through Ca activation of enzymes involved 1in
arachadonic acid (AA) metabolism. In this regard, it is known
that blood platelets metabolize endogenous AA to the potent
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plate]et stimulant thromboxane A, (TXAp) (48). Thus, AA
which is esterfied in the phospholipid pool of the platelet is
liberated by the action of phospholipase C (or Ap) (49,50).
The free AA is then acted upon by a cyclo-oxygenase resulting in
the production of the prostaglandin endoperoxide, prostaglandin
2 (PGGp). PGG» is in turn rapidly converted to prosta-
g]and1n Hyp (PGHp) which serves as substrate for the enzyme
thromboxane synthetase. The rate limiting step in TXA, pro-
duction appears to be at the lsvel of the phospholipase. Since
phospho1ipase C or Ay are Ca Ect1vated enzymes (49éig it
is possible that the ab111ty of Cac  to cause add1t1o
release may, at least in part, be mediated through Ca -st1mu—
lated TXAo product1on. The TXA, so produced may then act to
directly release Ca?* from the platelet DTS (51).

This notion was examined by measuring the effects of the
cyclo-oxygenas% inhibitor, indomethacin, on epinephrine-
stimulated Ca redistribution. It was found (47), that
inhibition of_endogenous AA metabolism did in fact substantially
reduce the Ca“" mobilization process (Figure 7). Consequently, R
it appears that at 1least a portion of the observed Ca2
release stimulated by epinephrine is mediated through TXA,
production. Furthermore, direct evidenc§+to support the notion
that TXA, 1is capable of causing Ca release within the
plate1et was prov1ded by the finding that addition of the stable
TXAZ "mimetic", U46619, to intact platelets causes a
mobilization of internal Ca2 stores (Figure 8).

In summary, it appears that physiological stimulants of
platelet funcfion, e.g. ADP, epinephrine and TXA, all act
through a Ca®* mediated process. Recently, Feinstein (52)
demonstrated that the ability of thrombin to cause platelet
secretion is a}so related to the release of intraplatelet mem-
brane bound Ca On t91s basis, it would seem that intra-
platelet cytosolic Ca as a second messenger is directly
linked to the state of platelet activation.

Inhibition of platelet function by 3'-5' cyclic adenosine
monophosphate (cAMP}

One of the first indications that cAMP might be involved
in the regulation of platelet function was provided by
experiments of Marcus and Zucker (53). 1In these studies it was
shown that the addition of cAMP to platelets resulted in
inhibition of platelet aggregation. This notion was supported
by subsequent studies of Ardlie et al. (54) who demonstrated
that phosphodiesterase inhibitors also blocked ADP-induced
platelet aggregation. It now appears that many of the agents,
in particular the prostaglandins, which inhibit platelet
activation, produce their effect through increases in platelet
cAMP levels. Thus, numerous investigators have demonstrated
that prostaglandin E; (PGE;) is a potent stimulant of the
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Figure 6. Effect of verapamil on Ca*
mobilization in response to epinephrine.

Human platelets were incubated at 25°C
with 50 yM CTC for 40 min. CTC-treated
platelets were incubated for 180 s with
saline or verapamil (25 M) alone, saline
plus epinephrine (0.1 yM), or verapamil (25
uM) plus epinephrine (0.1 yM). Platelets
were then pelleted through silicone oil, and
pellet fluorescence was determined as in
Figure 1. A decrease in fluorescence counts
relative to control indicates mobilization of
platelet Ca**. The fluorescence values are
represented as counts/s and are the mean
+ SEM of 16 samples from four separate
blood donors.

Figure 7. Effect of indomethacin on
Ca** mobilization in response to epine-
phrine.

Platelets were incubated with CTC and
fluorescence determined as described in
Figure 6. CTC-treated platelets were incu-
bated with saline or indomethacin (20 yM)
alone, saline plus epinephrine (0.1 yM), or
indomethacin (20 uM) plus epinephrine
(0.1 uM). A decrease in fluorescence counts
relative to control indicates mobilization of
platelet Ca®. Fluorescence values are repre-
sented as counts/s and are the mean = SEM
of 16 samples from four separate blood
donors.

Figure 8. Calcium mobilization in re-
sponse to U46619.

Platelets were incubated with CTC and
fluorescence determined as described in
Figure 6. Platelets were then treated with
saline (control), ADP (0.5 yM), or U46619
(0.5 uM). A decrease in fluorescence counts
relative to control indicates mobilization of
platelet Ca?. The fluorescence change in
response to the ADP is indicated for com-
parative purposes. Fluorescence values are
represented as counts/s and are the mean
+ SEM of 16 samples from four separate
blood donors.
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platelet adenylate cyclase (55-59). Furthermore, more recent
studies have indicated that The inhibitory properties of
prostaglandin D, (PGDp) and prostacyclin (PGIp) are also
primarily due to stimulation of adenylate cyclase activity
(60,61,62). Additional evidence to support this concept is
provided by the finding, that the effects of the inhibitory
prostaglandins are markedly potentiated by phosphodiesterase
inhibitors (63). Finally, the influence of cAMP on platelet
reactivity s clearly demonstrated by the finding, that an
increase of only 25% in platelet cAMP levels is associated
with a complete inhibition of maximal aggregation induced by
either AA or U46619 (64).

At present then, there is a substantial body of evidence
which suggests that increases in platelet cAMP levels are
directly linked to inhibition of platelet function. In spite of
this, however, the mechanism by which these inhibitory effects
are produced remains unclear.

Relationship between Ca2* and cAMP

There have been two theories proposed which attempt to
explain the underlying mechanism by which cAMP inhibits blood
platelet function. The first model suggests that cAMP s
directly involved in the regulation of cytosolic Ca * levels.
Using an isolated platelet membrane fraction rich _in the DTS,
Kaser-Glanzmann et al. (65) demonstrated that the Ca‘® accumu-
lating activity of the isolated vesicles was markedly stimulated
by cAMP. These results provided evidence that cAMP may act to
promote the movement of ca?* from the platelet cytosol into
the platelet DTS, and were consistent with the previous
suggestion of White et al. (13). The net effect of this uptake
mechanism would be a decrease in the availability of free Ca
for the stimulation of shape change, aggregation and secretion.

Direct support for this concept was provided by experiments
measuring Ca¢" binding in intact platelets. It was found that
alterations in platelet cAMP levels, induced Ex either PGE; or
PGI,, were directly related to intraplatelet Cac” seques-
tration (47) (Figure 9) as indicated by CTC fluorescence.
Furthermore, the effects of PGE; or PGI, on cAMP levels and
ca®* binding were augmented by pretreatment of the platelets
with the phosphodiesterase inhibitor RO 1724. In addition, it
was found that the increases in cAMP, stimulated by eithgr
PGE; or PGI,, were associated with an inhibition of Ca *
mobilization induced by epinephrine, A23187 or U46619 (Figure
10). Thus, it appears that one consequence of increased cAMP
production 1is a "stabilization" of intraplatelet Ca * pools.
In this connection, however, these experiments did not differen-
tiate between inhibited Ca¢™ release or enhanced Ca2* rese-
questration. Conseqguently, it is possible that cAMP prevents
the discharge of Ca%* from the DTS in a manner analogous to
the proposed mechanism of inhibition by local anesthetics (66),
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Figure 9. Effect of PGE, or PGl, on Ca* binding and platelet cAMP. (Repro-
duced, with permission, from Ref. 47. Copyright 1981, The American Physio-
logical Society.)

Platelets were incubated with CTC and fluorescence was determined as described in

Figure 6. The CTC-treated platelets were supplemented with saline or RO 1724 (100

pM) for 60 s prior to the addition of saline (control), PGE, (0.1 uM), or PGI, (2.6

nM). Samples of the platelet rich plasma were taken 180 s later, and platelet fluores-

cence (open bars) and cAMP measured. Values represent mean = SEM of 16 samples
from four separate blood donors.
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deuterium oxide (29) or trimethoxybenzoate compounds (67).
Alternatively, it Ts possible_that cAMP promotes the rapid
resequestration_of released Ca? , such that even in the face
of continued Ca? release, cytosolic Ca¢ levels remain Tow.

Evidence to support the latter mechanism of action is derived
from the findings that: 1) cAMP or PGEy (which increases cAMP
production) stimulates Ca uptake 1into isolated platelet
veajcles (65,68). If the sole effect of cAMP were to inhibit

release upon stimulation, such enhanced uptake would not
be observed. 2) Many of the inhibitory effects of cAMP can be
overcome by high ¢ étcentrations of A23187 (68-72). Consequentbb
if the rate of Ca release .is greater than the rate of Ca
resequestration, cytosolic Ca2 levels will rise. 3) In Figure
10 it can e seen that PGE; or PG12 treatment actually
increased Ca binding above control ezve1 If cAMP were
only acting to block the rezlease of Ca in the stimulated
platelet, such increases in Ca® binding would not be expected.
Furthermore, in the presence of PGE; or PGI, plus a
phosphodiesterase  inhibitor, epinephr‘+ne (which ~ increases
platelet membrage permeability to Ca¢’ ) 1induced §+ further
increase in binding (Figure 10). Thus, Sa i nflux
induced by ep1nephr1'ne would provide additional Ca for cAMP
promoted Ca¢* sequestion within the platelet. 4) Low doses of
platelet agonists, e.g. ADP, AA, U46619, etc. induce reversible
aggregation. Consequently, a mechanism for the resequestration
of Ca®’ (or Ca’’ efflux) must exist in the platelet (13,73).

In this connection, it has been shown that PGI, mot only
inhibits platelet aggregation but also reverses the aggregation
process (74). This eff fct can be readily explained on the basis
thg cAMP stimulated Ca“  resequestration exceeds the rate of

release. Furthermore, it has also been demonstrated that
the specific TXAp/PGH, receptor antagonist, 13-azaprostanoic
acid (13-APA) (75), causes reversal of both platelet shape change
and aggregatwn in response to AA or U46619 (;._ 77).  Since
13-APA is capable of blocking the release of Ca in response
to TXAp in isolated platelet vesicles (78), the ability of
13-APA to reverse platelet activation is pé‘gsumably due to a
sudden inhibition of TXAp-stimulated CaZ  ~ release.  This
iphibition, in the face of continued Ca resequ<>2§tration,
ultimately leads to a lowering of intraplatelet Ca levels
(Figure 11). That the mechanisms of platelet deactivation by
13-APA and PGI, are indeed separate, is demonstrated by the
finding that the ability of 13-APA to cause deaggregation is
potentiated by PGI, (79). Consequently, the combined effect
of +each individual mechanism of 1nact1vat1orl, i.e. iphibited
Ca2* release with 13- APA, and cAMP promoted Cal* rese-
qusstratwn with PGIZ, is more effective in reducing cytosolic

levels than either mechanism alone.

These observations strongly support the concept that cAMP
inhibition of platelet function is mediated through ernhanced
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cal* sequestration. A]though the mechanism by which cAMP may
promote the binding of Ca’’ within the platelet is unknown,
this uptake mechanism has been associated with the phosphoryla-
tion of a specific 22,000 dalton protein (72,80). In this
regard, it has been postulated (80) that platelets contain an
ATP-dependent cal* pump, and furthermore, that the efficiency
of this pump is enhanced through phosphorylation of a 22,000
molecular weight protein by a cAMP dependent protein kinase.

An alternative mechanism by which cAMP may act to inhibit
platelet function was proposed by Hathaway et al. (81). In this
model (Figure 12), it 1is suggested that an increase in CcAMP
results in inhibition of myosin phosphorylation and consequent
inhibition of platelet contractile activity (since unphos-
phorylated myosin cannot interact with actin). Thus, it was
proposed that cAMP causes the activation of a protein kinase
which in turn phosphorylates myosin kinase. In the phosphory-
lated form, myosin kinase is less capable of binding calmodulin
and therefore is not as effective in phosphorylating myosin.

Although this model would explain the ability of cAMP to
interfere with platelet activation, the results to date were
obtained using purified platelet myosin kinase. Consequently,
more conclusive proof to support this mechanism of inhibition
would require the demonstration that cAMP dependent phosphoryla-
tion of myosin kinase occurs under more physiological conditions,
e.g. in intact platelets or platelet membrane fragments.

In addition to the possible interactions of Ca * and cAMP
outlined_above, certain experimental results have also suggested
that Cal* may actually reqgulate cAMP production. In this
copgnection, it was demonstrated by Rodan and Feinstein (82) that
Ca is a potent inhibitor of adenylate cyclase (Ki = 16 uM)
in isolated platelet membranes. Support for this concept comes
frgm two lines of evidence: 1) agents which increase cytosolic

levels e.g. ADP, epinephrine, TXA,, etc., reduce the
e]evat1on in cAMP stimulated by either PGE; or PGI, (59,83);
and 2) the Ca’" antagonist TMB-8 inhibits the ab111ty of
TXA, to lower CcAMP (83). The physiological significance of
these findings i3 unclear. However, previous results have
suggested that Ca¢* may be involved in other_ positive feedback

gtems enhancing p]atelet reactivity, e.g. Ca¢’-induced-

release or Ca activation of phospholipase C or Aj.
The reported ability of Ca * to inhibit adenylate cyclase
activity may therefore represent an additional amplification
mechanism, whereby slight increases in cytosolic Ca * levels
lead to additional net Ca* mobilization. In this case,
Ca¢*  inhibition of CcAMP production would_ promote platelet
activation by either decreasing the rate of Ca * reseques-
tration or decreasing phosphorylation of myosin kinase.
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TxA 2
13-APA

shape change, é Ca Ca
aggregation free bound

1

cAMP

|

PGl ,

Figure 11. Possible mechanism of calcium release and sequestration.

PROTEIN KINASE (inactive)
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ATP ADP

MYOSIN ——— PO, - MYOSIN

Figure 12. Scheme according to Hathaway et al. (81).
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Conclusions

The above findings therefogg suggest that there is an
intimate relationship between Ca“ and cAMP in the human blood
platelet. In this respect, evidence has been presented which
indicates that many, if not all, physiological platelet agonists
mediate their gffects through a common intracellular messenger,
i.e. ionic Ca“ . Furthermgre, it is clear that the mechanisms
for this intraplatelet Ca mobilization are_indeed complex.
Thus, an initial increase intraplatelet Ca2+, whether as a
consequence of enhanced Ca membrane permeability induced by
epinephrine qr direct Cal* release by U46619, results in
additiogg] cact mobélization by activation of AA metabolism or
by Ca“ -induced-Ca release. The ability of CcAMP to
modulate platelet function also appegrs, at least in part, to be
due to regulation of %xposolic Ca levels, possibly through
direct stimulation of Ca“" sequestration.

n
+
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Suppression of Atherogenesis with a Membrane-
Active Agent—Nifedipine

PHILIP D. HENRY and KAREN BENTLEY

Washington University School of Medicine, Cardiovascular Division,
Department of Medicine, St. Louis, MO 63110

We tested the effects of the dihydropyridine
nifedipine on atherogenesis in rabbits fed a 2%
cholesterol diet. The drug was given orally,

40 mg/day, and control rabbits received placebo.
Nifedipine was well tolerated, and evoked peak
reduction in mean arterial pressure of less than
12 mm Hg. Plasma total cholesterol after eight
weeks before killing the rabbits was similar in
the placebo and nifedipine-treated groups,
averaging 1,903 * 138 (n = 13) and 1,848 £ 121
mg/dl (n = 13; mean * SE; P > 0.8). 1In placebo-
treated rabbits, aortic lesions stainable with
Sudan IV covered 40 * 5% of the intimal surface.
The cholesterol and calcium concentrations in
aortic tissue were 47 * 5 mg/g protein and

297 * 18 ug/g protein. In nifedipine-treated
rabbits, values for stainable lesions, aortic
cholesterol, and aortic calcium were signifi-
cantly depressed (P < 0.005), and averaged

17 + 3%, 29 + 2 mg/g protein, and 202 * 14 ug/g
protein. Thus, the dihydropyridine suppressed
structural and biochemical changes of athero-
sclerosis without reducing the hypercholesterolemic
response to the diet.

Current evidence suggests that calcium plays an important
pathogenic role in atherosclerosis (lfl). In cholesterol-fed
rabbits, anticalcifying and hypocalcemic agents such as diphos-
phonates (2-5), thiophene compounds (6), and EDTA (7) have been
demonstrated to exert antiatherogenic effects without appreciably
altering circulating lipids. This study was performed to deter-
mine whether nifedipine, a calcium antagonist, suppresses athero-
genesis in cholesterol-fed rabbits. Nifedipine and other calcium
antagonists inhibit calcium uptake by smooth muscle cells, but
unlike previously used agents, they have no calcium chelating

0097-6156/82,/0201-0175$06.00/0
© 1982 American Chemical Society
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properties (8). Results indicate that intracellular accumulation
of calcium, a postulated non-specific mechanism of cell death

(9, 10), may be important in mediating hypercholesterolemic
vascular injury.

Methods

Fifty-six male white New Zealand rabbits purchased from
the same vendor (Boswell's Bunny Farm, Pacific, Mo.) weighing
2.3 to 2.6 kg were housed individually under controlled condi-
tions and randomly assigned to four diet and treatment groups:
a) standard pellets and placebo, b) standard pellets and nifedi-
pine, c) 2% cholesterol pellets (Nutritional Biochemicals,
Cleveland, Ohio) and placebo, and d) 27% cholesterol pellets and
nifedipine. The daily ration of pellets was 100 g for all
rabbits, and water was given ad libitum. Nifedipine was force-
fed, two 10 mg capsules at 7 a.m. and 7 p.m. (40 mg/day), and
untreated rabbits received identical capsules without nifedipine
(placebo). In each group, five rabbits were selected randomly
for the study of arterial pressure during the first and last week
of the diet period. A No. 21 pediatric needle was inserted into
the central ear artery and taped to the ear (11). Without re-
straining the rabbit, the needle was intermittently connected to
a Gould P23 Db pressure transducer (Gould, Inc., Instruments
Division, Cleveland, Ohio), which was placed at mid-chest level
and attached to a Gould amplifier/recorder system. At the be-
ginning and at the end of the diet period, blood samples were
collected from the central ear artery of all rabbits into tubes
containing NajEDTA (1 ug/100 ul). The samples were used for the
determination of the microhematocrit, and the separated plasma
was analyzed for total cholesterol, triglycerides, phosphate,
total protein, and albumin with a Gemini automatic analyzer
(Electro-Nucleonics, Inc., Fairfield, N.J.). Plasma calcium was
measured by atomic absorption spectrophotometry (see below).
The rabbits were killed after eight weeks. The thoracic aorta
was removed, cleaned of surrounding tissue, and halved with
longitudinal cuts through the anterior and posterior walls.
Each longitudinal half-aorta was blotted and weighed. One-half
was quickly frozen and stored at -70°C, the other laid flat,
intimal side up, on clear plexiglas. The preparation was glued
around its edges to the plastic with Permabond 910 (Permabond
International Corp., Englewood, N.J.), and stained with Sudan IV
(Sigma Chemical Co., St. Louis, Mo.) as described by Kramsch and
Chan, 1978; Chan et al., 1978; and Holman et al., 1958 (4, 6,
12). A plexiglas plate covered with translucent paper was
placed on the surface of the preparation. The transparent out-
lines and stained areas of the vessel were delineated with black
ink and areas planimetered with a computerized planimeter (Model
9874A, Hewlett Packard Co., Palo Alto, California). The frozen
half-aorta was pulverized at liquid nitrogen temperature, and
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homogenized in 10 ml of chloroform-methanol (2:1, vol/vol) in a
Duall homogenizer (Kontes Co., Vineland, N.J.). Fractions of
homogenate were dried and used for measurements of calcium by
atomic absorption spectrophotometry on a Perkin-Elmer Model 303
apparatus (Perkin-Elmer Corp., Physical Electronics Div., Eden
Prairie, Minn.) as previously described (13), and for estimation
of protein by the method of Lowry (l4). Small weighed tissue
samples from selected arteries were fixed in 107 buffered forma-
lin, embedded in paraffin, and stained with hematoxylin-eosin or
Verhoeff-van Gieson stain.

The difference between sequential mean values in the same
group was evaluated by the t-test for paired comparisons. The
difference between mean values for planimetered lesions was
analyzed by Wilcoxon's signed rank test. Values relating lesions
to tissue cholesterol were assessed by the same test. Differ-
ences between group means for variables occurring in all groups
were evaluated by computerized analysis of variance using the
General Linear Models procedure (15).

Results

1) Response of the Rabbits to the Diet and Drug Regimens.
Two cholesterol-fed rabbits, one receiving placebo, the other
nifedipine, died of unknown cause. The diet and drug regimens
were well tolerated, and weight gain during the eight week
period was similar in the different groups (Table I). High-
dosed nifedipine (30 mg/kg day) has been previously shown to be
well tolerated in rats (16).

Peak effects on mean arterial pressure and heart rate after
each dose of nifedipine were -11 * 3 mm Hg and 44 * 18 beats/min
during the first week of treatment. These effects were transient,
values returning to baseline within two hours or less. Hemody-
namic effects of nifedipine did not differ significantly between
the dietary groups, nor was there a difference in each group
between values during the first and last week of treatment.

2) Blood Chemistry. Results of biochemical measurement in
blood are shown in Table I. Nifedipine treatment had no effect
on plasma cholesterol levels of rabbits maintained on standard
diet or 2% cholesterol diet.

3) Structural Changes in Aorta. In cholesterol-fed rabbits,
the percentage of the intimal surface covered by Sudan-positive
lesions averaged 40 * 5% (SE) in placebo-treated rabbits (n = 13),
and 17 * 3% in nifedipine-treated rabbits (n = 13; P < 0.001)
(Figure 1).

Microscopic evaluation of aortic tissue revealed qualita-
tively similar lesions in the two cholesterol-fed groups, but a
quantitative structural analysis was not performed in this study.
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4) Biochemical Changes in Aorta. The cholesterol concen-
trations in aortas from rabbits given standard pellets were 6.1
+ 0.3 mg/g protein for the placebo group, and 6.3 = 0.4 mg/g
protein for the nifedipine group (Figure 2). In cholesterol-fed
rabbits, values for the placebo and nifedipine groups differed
significantly (P < 0.001), averaging 47 * 5 and 29 * 2 mg/g
protein (Figure 2). Treatment with nifedipine altered the rela-
tionship between aortic cholesterol accumulation and formation of
Sudan-positive lesions. The ratio relating planimetered lesions
(percent) to tissue cholesterol (milligrams per gram protein)
averaged 0.85 + 0.05 and 0.58 * 0.04% (%< g prot/mg) in untreated
and treated rabbits (P < 0.001) (Figure 3).

In rabbits given standard diet, calcium concentrations in
aortic tissue for the placebo and nifedipine groups were 190 #+ 11
and 194 * 14 ug/g protein. In cholesterol-fed rabbits, aortic
calcium for the nifedipine group was significantly lower than
that for the placebo group, values averaging 202 * 14 and 297 #
18 ug/g protein (P < 0.005) (Figure 4).

Discussion

Calcium overload as a pathogenic mechanism of cell injury
has been incriminated in various disorders of cardiac and skeletal
muscle including catecholamine-induced cardiac necrosis (8, 13),
myocardial ischemia (8, 13), myopathies (9, 17), and malignant
hyperthermia (18). Of interest is that in the majority of these
pathophysiological entities calcium antagonists effectively
suppress calcium accumulation and cell necrosis (8, 13, 17, 18).
Moreover, myopathic Syrian hamsters given a calcium—-deficient
diet exhibit fewer lesions in skeletal and cardiac muscle (17).
Conversely, facilitation of calcium uptake with ionophores or
membrane-active toxins such as lysophospholipids or macrolide
antibiotics accelerate necrosis of isolated skeletal muscle
(19) and rat hepatocytes in culture (10).

Studies showing protective effects of calcium antagonists
in syndromes associated with membrane injury, calcium overload,
and cell necrosis may partly explain the antiatherogenic activity
of nifedipine. Atherogenesis is accompanied by an accumulation
of calcium in arterial walls (1-7), and proliferation of smooth
muscle cells, a key process in lesion formation, goes hand in
hand with cell necrosis (20, 21). Necrosis of foam cells re-
leasing membrane-active lipid, such as cholesterol, may affect
the membranes of neighboring cells and accelerate cellular de-
terioration and turnover (Figure 5). Decreased necrosis associ-
ated with intracellular retention of lipid may explain why lesion
formation for a given lipid accumulation was significantly
decreased in nifedipine-treated rabbits. We have previously
demonstrated that a high cholesterol environment sensitizes iso-
lated arteries to the constrictor effects of calcium, consistent
with increased calcium uptake after acquisition of membrane
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Figure 1. Effect of nifedipine on the extent of aortic lesions (planimetry of sudano-
philic lesions) induced by cholesterol feeding. Key (n = 13): [, placebo, and [,

nifedipine.
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Figure 2. Effect of nifedipine on aortic cholesterol content following cholesterol
feeding. Key (n = 13): [, placebo; and [2, nifedipine. Key (n = 14): B, placebo;
and B, nifedipine.
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Figure 3. Effect of nifedipine on the relationship between aortic lesions and
cholesterol content following cholesterol feeding. Key (n = 13): [, placebo, and
£, nifedipine.
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Figure 4. Effect of nifedipine on aortic calcium content following cholesterol
feeding. Key (n = 13). (1, placebo; and [T, nifedipine. Key (n = 14): @, placebo;
and B, nifedipine.
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cholesterol (22, 23). One important question would be to
ascertain whether nifedipine inhibits the uptake of lipoproteins
by macrophages and smooth muscle cells.

Although nifedipine may influence proliferating smooth
muscle, the drug may act by other mechanisms. Arterial pressure
is an important determinant of atherogenesis, and elevated pres-
sure aggravates atherosclerosis in cholesterol-fed rabbits (11).
Therefore, vasodilator-induced hypotension might exert protective
effects, although hypotensive responses were not sustained in
this study. Moreover, potent vasodilators such as nifedipine
might influence arteries by increasing vasa vasorum flow (24).
Calcium antagonists may act on platelets. However, nifedipine
does not appear to have antiaggregating effects on human plate-
lets (25, 26), and the action of verapamil and diltiazem on
platelets occur only at high concentrations known to exert non-
specific effects (8, 26, 27).

Since calcium antagonists are used extensively for the
treatment of coronary artery disease (8), the present study has
potential clinical implications. Unlike anticalcifying drugs
(2-7), calcium antagonists are not known to affect bone minerali-
zation, and might be evaluated in children with familial
hypercholesterolemia.
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Calcium and the Secretory Process

J. L. BOROWITZ, DAVID E. SEYLER,! and CELESTE C. KUTA

Purdue University, School of Pharmacy and Pharmacal Sciences, Department of
Pharmacology and Toxicology, West Lafayette, IN 47907

Secretion occurs throughout the body from nerve
ends of the brain and periphery and from endocrine
and exocrine glands. Thus secretory processes in-
fluence many essential body functions and the bio-
chemistry of secretion and its susceptibility to
drug action need to be clearly understood. Me-
chanical events in secretion are well established
but biochemical mechanisms are poorly defined.
Calcium plays a key role in secretion and when
calcium is prevented from entering secretory cells
during a stimulus, secretion generally decreases.
Agents which block calcium entry into secretory
cells probably vary in effectiveness depending on
the nature of calcium entry channels in surface
membranes. It may be possible to develop calcium
antagonists for selective inhibition of calcium
entry into cells of a given secretory tissue.

Secretion of various hormones, digestive enzymes, and neuro-
transmitters throughout the body is carefully regulated. Move-
ments of skeletal muscle, for example, are brought about by dis-
crete release of the neurotransmitter, acetylcholine, from nerve
ends. Digestion of food requires secretion of various enzymes
from salivary glands and pancreas. Also, neuroans of the brain
may be thought of as interconnected elongated secretory cells
whose discrete secretion of chemical neurotransmitters is the
basis for proper mental function.

Nature of the Secretory Material

Material secreted from cells varies in character to include
cationic amines, peptides, enzymes of large molecular weight and

1Cur;ent address: Medical College of Virginia, Department of Pharmacology, Richmond, Va.
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liposoluble substances like steroids. Generally, these materials
are very potent biologically and are packaged inside small
spheres called granules (or '"vesicles'" in nerves) perhaps to pre-
vent effects on the cells of origin, to avoid degradation of se-
cretory material, and to facilitate secretion. Steroids are an
exception presumably because they are too lipid soluble to be
stored in granules surrounded by lipoid membranes (1). There-
fore, steroids are not packaged in granules, but are synthesized
as needed.

Secretion Mechanisms

At present, one of the major incompletely understood pro-
cesses in biology is how cells extrude granule bound material, a
process called "exocytosis.'" During stimulation of secretory
cells, granules migrate through the cytoplasm to the plasma mem-
brane, attach themselves and pour out their contents to the cell
exterior (2). Electron micrographs show attachment of granules
to plasma membrane during secretion (g) and biochemical studies
show that only granule contents are extruded and not cytoplasmic
enzymes (4) or granule membrane (5). Still, the exact nature of
the biochemical events occurring in secretion is largely unknown.

Two systems (microtubules and microfilaments) assist in me-
chanical events in the secretory process. Movement of granules
from deep within the secretory cell toward the inner surface of
the plasma membrane involves microtubules. Microtubules are long
straight structures which can rapidly elongate ("assemble') and
thereby provide an intracellular '"taxi service.'" Subcellular
particles rest on microtubules like cars on a railroad track. The
drug, colchicine, interferes with microtubule assembly and inhib-
its secretion in a variety of cells. To illustrate the connec-
tion between microtubules and secretion,a correlation was found
between inhibition by colchicine of protein secretion from rat
lacrimal glands and interference with microtubule assembly (6).
Untreated lacrimal glands contained cells with granules clustered
near the cell apex, whereas colchicine-treated glands contained
granules scattered throughout the cellular cytoplasm. Although
what triggers mictotubule assembly is not known, microtubules
appear to be necessary for proper movement of secretory granules
during secretion.

Secondly, microfilaments provide mechanical assistance at a
final stage of secretion. These structures are composed of con-
tractile proteins, the action of which probably aids in granule
attachment to surface membrane or in extrusion of granule con-
tents from the cell. A mold metabolite, cytochalasin B, inter-
feres with microfilament action and also inhibits secretion (7).
Cytochalasin B prevents attachment of radiolabeled actin to actin
already attached to chromaffin granule membrane surfaces and also
limits accumulation of myosin on these same structures (8). These
muscle proteins probably serve to orient secretory granules in
the proper way to facilitate secretion.
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Calcium in Secretion

It has been known for 20 years that secretion of granule
bound materials generally requires the presence of calcium in the
medium (9). If calcium is omitted from the fluid perfusing a
secretory tissue, evoked secretion is abolished or at least di-
minished. However, not all secretory cells handle calcium in the
same way and more recent work emphasizes the role of calcium in
membrane stabilization, the influence of magnesium ion on cal-
cium mediated events, and the effect of stimulation frequency on
calcium metabolism.

Membrane Stabilization. Calcium not only mediates secretion,
but it also "stabilizes' cell membranes, making it more difficult
for calcium to enter cells. For example, if adrenal medulla is
stimulated with 100 ug/ml of acetylcholine (the physiological
neurotransmitter) at various calcium concentrations, catechol-
amine secretion increases as calcium increases up to at least
17.6 mM calcium (9). By contrast, pancreatic insulin secretion
in response to glucose, peaks at 5.5 mM calcium and falls off at
calcium concentrations on either side of the peak (10). So the
relation between calcium concentration in the medium and the ex-
tent of secretion varies with the tissue and depends on the degree
of membrane stabilization by calcium, a factor which influences
the amount of calcium entering secretory cells.

Heavy calcium deposits clearly exist on the surface of in-
sulin secreting cells of the pancreas (1ll) but no such deposits
are seen on glucagon secreting cells of this tissue (11) or on
adrenomedullary cell surfaces (12). It is possible that the den-
sity of surface calcium deposits determines the degree of mem-
brane stabilization by calcium.

How does calcium act at the molecular level to stabilize
cell membranes? Probably it interacts with phospholipids in the
membrane to limit ion permeability since phospholipid must be in-
cluded in artificial membranes in order for calcium to have a
stabilizing effect (13, 14). However, there is no firm evidence
that calcium stabilizes native biological membranes by interact-
ing with phospholipids, and the structural or functional impact
of calcium on various biological membranes is impossible to pre-
dict based on lipid composition (15).

Magnesium Concentration. Another factor which may influence
secretion is magnesium in the medium. Foldes (16) has recently
emphasized the fact that Mg2+ (as well as Caz+) varies in the
serum of different species and that many ''balanced electrolyte"
solutions such as Krebs Solution, do not have the correct amounts
of magnesium. Douglas and Rubin (9) showed many years ago that a
relatively low concentration of Mg2+ (2 mM) prevented adrenal
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catecholamine secretion caused by addition of ca* to a ca?t-
free perfusing medium, although much higher concentrations of
Mg2+ (10-20 mM) are generally needed to block evoked secretions.
Many studies of the role of calcium in secretion from isolated
tissues use solutions with incorrect Ca2t and Mgz+ concentrations
and therefore deviate from physiological conditions.

Stimulation Frequency. Aside from extracellular magnesium
and calcium concentrations, at least one other circumstance
affects calcium entry into cells during a stimulus. An inter-
esting relationship exists between frequency of nerve stimulation
and calcium concentration in the medium which determines the ex-
tent of norepinephrine secretion from cat splenic nerve (17).
Generally, secretion is increased when either calcium concentra-
tion (as previously mentioned) or stimulation frequency (up to
30 Hz) increases. However, the secretory effect of increasing
frequency is greater at low calcium concentrations compared to
high calcium levels. Thus, in this preparation, calcium concen-
trations play a role in modulating changes in secretion related
to changes in stimulation frequency.

Calcium Pools Used by Different Cells

Ccnsidering such differences between secretory cells as size
[a mammalian pancreatic insulin secreting cell is 10 um in diam-
eter compared to a nerve terminal which is 1 um or less in diam-
eter (18)] and functional requirements (e.g. speed of secretion
and frequency of secretion), it is not surprising that differ-
ences in calcium handling occur in different cells. Whereas,
some secretory tissues need extracellular calcium to mediate
secretion, the exocrine pancreas (which is responsible for pro-
ducing digestive enzymes) uses a mitochondrial calcium store (19)
except for sustained responses in which extracellular calcium is
also involved (20). Interestingly, salivary gland secretions,
which also serve a digestive function may likewise be independent
of extracellular calcium during the early phase of secretion [see
(21) involving studies of the relation between 86Rb release and
extracellular calcium concentration in rat parotid glands].

Calcium Removal from Cytoplasm

If different cells use calcium from different sources to
mediate secretion, then it is likely that methods for removal of
cytoplasmic calcium also vary. A plasma membrane calcium pump is
important in adrenal medulla to extrude mediator calcium (22). In
exocrine pancreas, calcium may be returned to intracellular stor-
age pools, as well as extruded from the cell to terminate secre-
tion.

One mechanism for removal of mediator calcium is by packag-
ing of cytoplasmic calcium within secretory granules (23). In
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this way, calcium is extruded from the cell along with secretory
material. Such a mechanism may account in part for the presence
of calcium in milk, since calcium is secreted along with milk
protein (24), and also may account for the calcium content of
saliva which is important in the formation of dental calculus.

Mechanisms of Initiation of Secretion by Calcium

After calcium enters secretory cells, how does it trigger
secretion? This question cannot be answered with certainty, but
a few pertinent theories have been formulated. First, calcium
may activate certain cytoplasmic enzymes such as protein carboxyl
methylase, thereby causing methylation of carboxyl groups on
granule membrane surfaces (25). This change in granule membrane
surfaces may promote the interaction between granule membrane and
plasma membrane and initiate the secretory process.

Another theory is that calcium may not directly activate an
enzyme to trigger secretion, but rather may first interact with a
cytoplasmic protein, calmodulin. The calcium-calmodulin complex
may then cause enzyme activation. The enzyme phosphodiesterase
is known to be activated by such a calcium-calmodulin complex
(26).

Many studies show that divalent cations promote membrane
fusion (27, 28, 29) and thereby may initiate attachment of gran-
ules to the insides of plasma membranes during secretion. Ac-
tually these ideas (i.e. enzyme activation and fusion of lipoid
membranes by calcium), are not mutually exclusive since it is
possible that calcium initiates more than one intracellular
change to trigger the secretory process.

Calcium Channels in Plasma Membranes

In those secretory tissues where extracellular calcium is
necessary for secretion, calcium enters by way of plasma mem-
brane channels. Therefore, the nature of membrane channels is
obviously very important. Are the channels uniform on a given
cell? Do their characteristics vary from tissue to tissue? Many
questions remain unanswered, but several studies suggest that a
cell may have more than one type of calcium channel. Although
not a secretory tissue, smooth muscle has two types of calcium
channel: potential sensitive channels and receptor operated
channels (30). So, in this tissue [and probably in secretory
tissues as well (31)], the nature of the stimulus may determine
which channels are opened, the extent of calcium entry and the
extent of the response. A high potassium solution, which is
commonly used to activate calcium mediated responses, would open
potential dependent channels whereas drugs acting on their respec-
tive receptors would open a different set of channels, but cause
the same overall response.
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Hurwitz et al. (32) extended these ideas by giving evidence,
again in a nonsecretory tissue, for two potential dependent cal-
cium channels. These authors showed that the calcium channel
associated with the phasic contraction of guinea pig ileal smooth
muscle was blocked by lanthanum, but the calcium channel mediat-
ing the tonic contraction was not. In this system, both these
channels were potential dependent. Hence, a variety of calcium
channels may exist on cell surfaces.

Calcium Channel Blockers

If calcium channels are so ubiquitous and so important physi-
ologically, then are there any clinical conditions in which cal-
cium channels do not function properly? Actually, the calcium
channel blocking agents currently available clinically - verapamil
(IsoptinR), nifedipine (ProcardinR), and diltiazem (CardiemR) are
very useful for hypertension, angina, or cardiac arrhythmias. 1In
addition, many commonly used drugs, like barbiturates and nitro-
glycerine, also elicit some calcium channel blocking effects (§§).
So calcium channel function may not be normal in certain disease
states.

Another important substance which blocks calcium channels is
hydrogen ion (see 34). It has been known for several years that
secretory tissues generally respond poorly to agonists when the
pH of the medium is low. A major result of low blood pH is
depression of the central nervous system (35). Secretory mecha-
nisms in brain neurons appear to be inhibited by excessive hydro-
gen ions. One other naturally occurring substance which appears
to block calcium channels is ammonium ion (36). Calcium channel
blockade by ammonium may be important in liver disease in which
tissue ammonia levels are increased and sometimes coma results
(37), probably due to altered secretory mechanisms in the brain.

We know that various stimuli will open membrane calcium
channels, but what normally closes these channels once they are
opened? One suggestion is that calcium ions per se close the
channels by acting at the inside surface of the plasma membrane
(38). So when calcium ion concentration increases sufficiently
inside the cell, calcium channels close and no further calcium
entry occurs. Interestingly, this mechanism differs from that
which closes sodium channels since the latter are inactivated by
membrane potential changes. Thus sodium and calcium channels are
very different in that calcium, but not sodium, can enter to ini-
tiate secretion even if the cell is depolarized.

Specificity of Calcium Channel Blocking Drugs

When calcium channel blockers are used clinically it is
assumed that the major effects are limited to the cardiovascular
system, and indeed, few side effects have been reported for these
agents. However, calcium channels in the cardiovascular system
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may not be unique and it can be shown experimentally that several
secretory systems are also affected by calcium channel blocking
drugs. For example, secretion from adrenal medulla (39), and
endocrine pancreas (40), and 45ca Uptake by rat brain fractions
(41), are inhibited by calcium channel blockers.

Central Nervous System Effects of Calcium Channel Blockers

This last section presents recent experiments involving
effects of calcium channel blocking drugs in whole animals. It
is suggested that the following results reflect modification
of brain neurotransmitter secretion by blockade of calcium
channels.

A simple, yet sensitive, behavioral test for effects on
neuronal function is measurement of spontaneous motor activity
in mice. This test revealed that verapamil markedly decreased
spontaneous motor activity (Figure 1). Despite the decreased
movement caused by verapamil, no loss of muscle coordination was
noted when the animals were placed on a rotating rod. That these
results are related to calcium channel blockade is supported by
the fact that diltiazem, a calcium channel blocker different chem-
ically from verapamil, produces the same effects. Functional
calcium channels may be necessary for normal motor activity.

Further studies on the central nervous actions of verapamil
were based on reports that pain relief by morphine involves cal-
cium (42). Morphine may act by depressing neurotransmitter re-
lease from neurons in the pain pathway. Since neurotransmitter
release is a Ca’*-mediated event, depression of release by mor-
phine may involve blockade of extracellular calcium influx. If
calcium is indeed associated with morphine analgesia then calcium
antagonists, by further depressing calcium influx, might modify
morphine-induced pain relief. Figure 2 shows enhancement of mor-
phine analgesia in mice by verapamil as indicated by the number
of seconds mice treated with morphine and verapamil were able to
stand on a copper plate heated to 55°C compared to mice treated
with morphine and saline. Note that verapamil alone had no anal-
gesic effect, possibly because it blocks the wrong calcium chan-
nels for initiation of analgesia. This experiment illustrates
that subtle drug interactions may occur between calcium channel
blockers and other agents.

These results raise an interesting question. Are calcium
channels in different tissues sufficiently distinct to allow
development of calcium channel blocking drugs relatively specific
for given tissues other than the cardiovascular system? Such
drugs may have novel tranquilizing or smooth muscle relaxant
properties useful clinically as well as experimentally.
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