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Preface

Rarely in the history of science and medicine
has a group of pharmacologic compounds
greatly influenced more than one or two dis-
ciplines either from the point of view of the
basic scientist or the clinician. We are for-
tunate to be witnesses to one such occasion.
The group of pharmacologic. compounds are
the “calcium blockers,’” agents that affect in
one or more ways the normal use of calcium
ions by the cell. Since calcium ions are of
basic importance to many normal physio-
logic functions, agents that interfere with
calcium activity have the potential of affect-
ing many different physiologic processes. Such
agents have tremendous potential, there-
fore, for application to the study of normal
and abnormal calcium-dependent cellular
processes as well as for use in treating a va-
riety of disorders. For these reasons, the cal-
cium blockers have aroused the interest of
participants in many different basic physio-
logic as well as clinical disciplines.

Before proceeding, the matter of nomen-
clature must be addressed. The group of
pharmacologic compounds being discussed
here has been referred to in several different
ways: calcium antagonists, calcium blockers,
calcium channel blockers, calcium influx
blockers, calcium inhibitors. There has not
yet been universal acceptance of a single name
that adequately describes these agents as a
group. The reason for the confusion is.very
simple. The group of compounds is quite
heterogenous with regard to not only chem-
ical structure but also physiologic effects.
Furthermore, the precise mechanism of ac-
tion of several of these compounds has not
been clearly described. Therefore; we have
chosen to defer a decision on nomenclature
to a later date, when more information has

become available. For the purposes of this
book, we have simply referred to these com-
pounds as calcium blockers. However, the
reader must be aware that this terminology
is far from adequate when considering all
those agents included in this heterogenous
group of drugs.

*When we first discussed the possibility of
publishing a book on calcium blockers with
our colleagues (many of whom have subse-
quently contributed to this volume), an of-
ten-repeated question was ‘“Why another re-
view of calcium blockers?” Over the last
several years, there have been approxi-
mately ten major reviews of this subject in
the firrm of journal reviews, monographs,
and symposiums that have subsequently been
published in monograph form. The majority
of these reviews, however, have been ad-
dressed to the basic science community. In
reviewing these reviews, it occurred to us
that there existed a rather large information
gap between the scientists engaged in basic
studies of the mechanisms of action of the
calcium blockers and the physicians engaged
in preliminary tests of these agents in the
clinical setting. Furthermore, since a num-
ber of these drugs are just now coming into
clinical use, we believe that an important and

* useful contribution can be made by a com-

prehensive review of both the basic science
information and the recent clinical experi-
ence with these agents.

This book, therefore, is directed to three
major audiences: the practicing physician,
who will require background information®
when the calcium blockers are fully available
for human use; the physician scientist, who
requires more basic science information, es-
pecially with regard to mechanisms of action
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of the calcium blockers at the cellular level;
and the basic science investigator, either
physiologist or pharmacologist, who is in-
terested in up-to-date and comprehensive
reviews of both the basic science and clinical
application aspects of the calcium blockers.
The book is organized into three major sec-
tions. Section I deals primarily with the basic
physiology of calcium and provides back-
ground information on the normal processes
controlling calcium action as well as the ef-
fects of calcium ions in those tissues that are,
at present, of primary importance in deter-
mining the systemic effects of calcium block-
ers: cardiac muscle, vascular smooth muscle,
exocrine pancreas, and endocrine systems.
Section II reviews the basic pharmacology
of the calcium blockers, emphasizing cardiac
and vascular smooth muscle, and introduces
the third section by reviewing the clinical
pharmacology of these agents. Section III
addresses the various applications of the cal-
cium blockers in the clinical setting and the

relative effectiveness of these agents for the
treatment of a variety of cardiovascular dis-
eases. It is hoped that the combining of these
three approaches—all of which are essential
to the understanding of the mechanisms of
action and the clinical applications of the
calcium blockers—will stimulate new ideas
for future progress in this most interesting
and potentially beneficial area of endeavor.
The editors are grateful to those who have
participated in this volume, not only for their
efforts (which in all cases have resulted in
scientifically and editorially outstanding con-
tributions to the literature) but also for their
cooperation in meeting early deadlines. In
addition, we would like to acknowledge the
secretarial efforts of Nina Kaye Gingerich
and Mrs. Carol A. Thormann, without whose
assistance this book would not have been
possible.
Hershey,
Pennsylvania
January, 1982

STEPHEN F. FLAIM

ROBERT ZELIS



Calcium Blockers

Mechanisms of Action and Clinical Applications

edited by

Stephen F. Flaim, Ph.D.
Robert Zelis, M.D.

The Milton S. Hershey Medical Center
of the Pennsylvania State University
College of Medicine

Urban & Schwarzenberg
Baltimore-Munich 1982



Urban & Schwarzenberg, Inc. . Urban & Schwarzenberg

7 E. Redwood Street Pettenkoferstrasse 18
Baltimore, Maryland 21202 D-8000 Miinchen 2
USA West Germany

© Urban & Schwarzenberg 1982

All rights including that of translation, reserved. No part of this publication
may be reproduced, stored in a retrieval system. or transmitted in any other
form or by any means, electronic, mechanical. recording, or otherwise without
the prior written permission of the publisher.

Printed in the United States of America

NOTICES

The Editors (or Author(s)) and the Publisher of this work have made every
effort to ensure that the drug dosage schedules herein are accurate and in
accord with the standards accepted at the time of publication. The reader
is strongly advised, however, to check the product information sheet in-
cluded in the package of each drug he or she plans to administer to be certain
that changes have not been made in the recommended dose or in the con-
traindications for administration.

The Publishers have made an extensive effort to trace original copyright

holders for permission to use borrowed material. If anv have been over-
looked, they will be corrected at the first reprint.

Library of Congress Cataloging in Publication Data

Calcium blockers.

Includes index.

1. Calcium—Physiological effect. 2. Calcium— Antagonists—
Testing. 3. Heart—Effect of drug on. I. Flaim. Stephen F.

II. Zelis. Robert.  [DNLM: 1. Calcium antagonists. Exoge-
nous—Therapeutic use. 2. Calcium—Physiology. 3. Calcium
antagonists, Exogenous—Pharmacodynamics.  QV 276 C1424]
QP535.C2C2625 1982 615".71 82-8548
ISBN 0-8067-0611-2 AACR2

Cover design: Roger MacLellan

Compositor: FotoTypesetters

Printer: Port City Press

Manuscript editor and indexer: Robert Rosenberg
Production and design: John Cronin

ISBN 0-8067-0611-2 Baltimore

ISBN 3-541-70611-2 Munich



SectionI

Chapter 1

Calcium Ions
and Cardiac Electrophysiology

Robert S. Kass and Todd Scheuer

Introduction

Cardiac muscle, like skeletal muscle and
nerve, is electrically excitable. Stimulation
of a local region by a brief shock of adequate
strength generates an impulse which prop-
agates in a regenerative manner to more dis-
tant regions. However, in contrast to im-
pulses in other excitable cells, electrical
activity in different regions of the heart con-
sists of action potentials of several different
shapes. This diversity of action potential
configuration reflects the multiple roles of
electrical activity in the heart. But despite
regional differences, these electrical im-
pulses are generated by membrane perme-
ability changes which generally resemble those
in other excitable tissues.

This chapter presents a review of the ionic
basis of electrical activity in the heart with
an emphasis on the role of calcium ions. The
chapter is divided into sections that discuss
(1) the principles of impulse generation and
conduction in excitable tissue, (2) impulse
spread in the heart, (3) the ionic basis of
cardiac action potentials, and (4) two inward
currents in the heart (in which sodium cur-
rent is reviewed briefly and calcium current
is presented in some detail).

Impulse Propagation
in Nerve and Muscle

Local Circuit Currents

Electrical impulses in nerve and muscle are
generated by local changes in the relative

. permeabilities of the surface membranes of

these cells to certain ions. These local
permeability changes, in turn, regulate the
electrical potential difference across the sur-
face membrane through the electrochemical
potential differences of the permeant ions.
As a consequence of these local changes in
membrane potential, voltage gradients are
established, which force the movement of
intracellular and extracellular ions. This iunic
movement constitutes local circuit, or ac-
tion, currents that spread the impulse from
active to passive regions and form the basis
of impulse propagation in excitable cells.

The principal membrane mechanisms un-
derlying excitation and propagation of im-
pulses in cardiac cells are similar to those in
nerve and skeletal muscle. A brief review of
this general process is useful in understand-
ing the contribution of ionic currents to car-
diac electrical activity as well as in recogniz-
ing some of the special problems involved in
their measurement.
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The local circuit currents that spread elec-

trical excitation are composed of current loops

-linking active and passive regions. These loops
may be broken down into four branches.

In an active region, positively charged ions
move down their electrochemical gradients
through open channels and constitute an in-
ward transmembrane current. This excit-
atory inward current, carried by sodium or
by calcium ions, adds positive charge to the
inner surface of the cell membrane and thus
leads to local depolarization.

Intracellularly, a longitudinal voltage dif-
ference is established between this local de-
polarized region and more distant areas which

-are at rest. This voltage drop forces ions
(mostly K+) to flow intracellularly from ac-
tive to passive areas. This forms the second
branch of the local circuit current loop.

At the passive region, current leaks across
the surface membrane from inside to outside
in the form of displacement current. Thusy
the charge stored on the membrane capac-
itance is changed and the region is depolar-
ized. Depolarization, in turn, causes changes
in membrane permeabilities, eventually
transforming the passive region into a new
active region.

The current loop is completed by extra-
cellular current (carried by Na* or Cl~) that
flows longitudinally from the passive region
back to the active region.

Repolarizatiorn is conducted in a similar
manner, but in this case, the direction of the
local current loop is reversed: outward cur-

. rent flows across the surface membrane in

the active repolarization region.

The branches of local circuit current loops
in heart cells differ from those in other ex-
citable ceils only in the intracellular branch.
Because of the multicellular nature of heart
muscle, this current branch flows through
longitudinal resistance that is due in part to
the special gap junctions (nexuses) that link
adjoining cells. As discussed in detail by Tsien
and Siegelbaum (1978), these junctions do
not seriously change the mechanism of prop-
agation under normal conditions. Thus,
mathematical analysis which assumes a con-
stant, uniform intracellular resistivity may

be applied to analyze impulse spread in car-
diac tissues.

Cable Theory

The mathematical description of impulse
conduction based on local circuit currents in
nerve (Hodgkin and Rushton, 1946) is es-
sentially the same formalism originally de-
veloped by Kelvin to describe transmission
along submerged telegraph cables, and is thus
referred to as “cable theory.” In addition to
describing impulse conduction, cable theory
provides the theoretical basis for commonly
used methods of measuring current in excit-
able cells. In this section some of the con-
sequences of one-dimensional current flow
are discussed. For the more complicated case
of three-dimensional spread, see Jack et al.
(1975).

For one-dimensional spread the cable
equation may be written as

a 0%V oV

Rz m=l+Cags

(1.1)

where a is fiber radius, R, is' myoplasmic
resistivity, V is membrane potential, I, is
transmembrane current, I, is ionic current,
and C,, is membrane capacity per unit area.
This equation simply presents a mathemat-
ical summary of the local currents: any
changes in longitudinal current (left side of
Equation 1.1) must show up as transmem-
brane current (right side of Equation 1.1).
Further, this expression. shows that toral
transmembrane current (/,,) consists of two
components: ionic (/;) and capacity (C,[aV/
ot]) currents.

Conduction Velocity

One consequence of this description of im-
pulse spread is a prediction of conduction
velocity. Under conditions of propagation at
a constant velocity (), it can be shown (No-
ble, 1979) that Equation 1.1 becomes

TG
2R, 0% a2

oV
I + C —. .
¢+ G (12)



If the ionic current (1)) is known, this equa-
tion defines conduction velocity (0). Two im-
portant characteristics of 6 emerge from this
description:

(1) 9 is proportional to fiber radius and

(2) 8 is roughly proportional to the
magnitude of the ionic current (see
Jack et al., 1975).

These two characteristics are important to
the physiologic roles of inward cardiac cur-
rents. Large fibers and large excitatory cur-
rents are best suited for rapid spread of the
impulse, whereas small fibers and small cur-
rents result in slowly conducted impulses.

Conditions of Spatial
Uniformity: Current Clamp

Simplification of Equation (1.1) can be
achieved by experimentally eliminating spa-
tial variation in membrane potential (left side
of Equation 1.1). In the squid axon, this can
be accomplished by short-circuiting the in-
terior of the axon with an intracellular, low-
resistance, axial electrode. Then Equation
(1.1) becomes

dv

(1.3)
Although the multicellular nature of heart
muscle precludes the experimental simplifi-
cation used in nerve, Equation (1.3) can be
applied to small isolated cardiac prepara-
_tions (see below). Then, under conditions
approximating zero longitudinal current,
Equation (1.3) can be used to estimate net
ionic current from time-dependent changes-
in membrane potential. However, this ap-
proach must be used with caution, as it is
restricted by frequency-dependent changes
in membrane capacity (Fozzard, 1966; Car-
meleit and Willems, 1971) as well as nonlin-
ear characteristics of cardiac currents (Stri-
chartz and Cohen, 1978).

Voltage Clamp

A more powerful simplification of Equation
(1.1) occurs when membrane potential is

Impulse Propagation in Nerve and Mu"écle 5

passing current from an intracellylar current
source. This technique is referred to as volt-
age clamp. Since voltage is controlled, ca-
pacity current (excluding brief transients) is
eliminated, and the total applied current
(which is measured) becomes transmem-
brane ionic current (I;). Once again this re-
quires uniform voltage control, a condition
that can be attained in squid axon with axial
wire arrangements but only approximated in
multicellular cardiac preparations (see below).

measured and experimentally jzrl/rolled by
|

Voliage Clamp
of Multicellular Tissue:
Limitations

Until very recently, all voltage-clamp ex-
periments in cardiac preparations were car-
ried out in-small, isolated cell bundles. Be-
cause of their multicellular nature as well as
the small size of the individual cells, it is not’
possible to insert an axial wire in these prep-
arations as is the case in the squid axon.
Consequently, uniform voltage control
(space-clamp conditions) cannot exist, and
voltage-clamp experiments must be carried
out under conditions in which spatial and "
temporal voltage nonuniformity remain within
reasonable limits of error. Two voltage-clamp
techniques generally have been used in’car-
diac preparations: the two-microelectrode
voltage clamp and the sucrose gap method.
Both techniques are subject to the same re-'
strictions due to voltage nonuniformity.
When the, passive cable properties of a
preparation are known, Equation 1.1 can be
used to predict the degree of voltage non-
uniformity to be expected for different ionic
currents. If the membrane conductance is
linear, then closed-form, analytical solutions
can be obtained for Equation 1.1 that predict
a voltage fall with distance from the current
source. The benchmark for measuring volt-
age decrements is the space constant A, which
is the distance required for voltage to fall to
roughly %5 its value at the current source.
Deck et al., (1964) first showed that voltage:
control was adequate for studying linear and
small outward membrane currents when
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preparation lengths were made equal to or
less than A\.

If the membrane current-voltage relation
is nonlinear, as is the case for most cardiac
currents, closed solutions do not exist for
Equation 1.1 and the above arguments are
not applicable. In particular, as pointed out
by Johnson and Lieberman (1971), when in-
ward currents are being studied, instead of
falling with distance from the current source,
the voltage drop across the membrane ac-
tually increases, sometimes resulting in loss
of voltage control. Kass et al. (1979) com-
puted theoretical voltage distributions for
nonlinear current-voltage relations appro-
priate for regenerative inward currents in
Purkinje fibers. Using this theory, they were
able to empirically test the accuracy of volt-
age clamp measurements of inward currents
in cardiac preparations. The results placed
limits on the magnitude of measurable in-
ward current. Within these limits, voltage
nonuniformities were acceptably small, and
under appropriate conditions it was then
possible to measure with confidence small
inward currents in the heart.

Ionic Currents,
Channels, and Gating

Since total membrane current in the heart
consists of several ionic components, the ex-
perimenter’s strategy is to use pharmaco-
logic and kinetic techniques to isolate indi-
vidual current components. Then, in the
simplest cases, each current can be described
in terms of a conductance and a driving force,

i = G(Ent) - (En, — E), (1.9)

where G(E,,1) is a voltage and time-de-
pendent conductance, E; is the equilibrium
potential for a particular channel, and E,, is
the membrane potential, which is under ex-
perimental control. The difference (E,, —
E)) is the electromotive driving force, which
influences the magnitude and direction of
ionic movement.

Ions move across membranes through
channels that can discriminate between

possible charge carriers. The relative perme-
ability of a channel to various ions is referred
to as the selectivity of the channel. This char-
acteristic is reflected in the equilibrium po-
tential of Equation 1.4, or the potential of
zero net current through the channel, which
is a function of ionic concentration gradients
across the membrane. Thus charge carriers
are identified by studies of the dependence
of E; on ion concentrations.

The conductance of a channel can be in-
fluenced by the electrical potential differ-
ence across the membrane. Some channels
open in response to a depolarization; some
channels open and then close. The process
of opening is referred to as activation, whereas
the latter process is known as inactivation
(Hodgkin and Huxley, 1952). Macroscopic
currents measured across a membrane re-
flect the total number of channels open at a
particular voltage, and changes in these cur-
rents reflect changes in the number of open
channels induced by variation in membrane
potential.

Channel conductance is regulated by the
movement of endogenous charged particles
within the cell membrane, known as gating
particles. Since these particles are charged,
they interact with the electric field across the
membrane and can move, or undergo con-
formational change, when this field is
changed. Activation occurs when a gating
particle is removed from the channel in re-
sponse to a depolarization of the membrane,
leaving a clear path for ion flow. Inactivation
occurs when other gating particles enter and
block the channel. Questions about the mo-
lecular identity of gating particles, as well as
possible interrelations between activation and
inactivation processes, are presently under
investigation.

Normal Spread
of the Impulse

The ionic currents generated by these mech-
anisms in combination with the cable prop-
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Fig. 1.1 Impulse spread in different regions of the heart. Top: Sequence of impulse spread. Propagation from
sinoatrial node (SA) to specialized atrial tracts (ST) and thence to atrial muscle (AM) as well as atrioventricular
junction (AV). From A-V junction to Bundle of His (H). then Purkinje fibers (PF) and finally ventricular muscle
(VM). Bottom: Action potentials from various regions differ in their duration, shape, and voltage range. (Re-
produced with permission from Tsien and Siegelbaum. 1978.)

erties and morphology of different regions
of the heart are responsible for the orderly
pattern of cardiac excitation and contrac-
tion. This pattern is described in the follow-
ing section.

The sinoatrial (S-A) node is the dominant
pacemaker in the heart. Under normal con-
ditions, S-A node fibers spontaneously fol-
low a cyclic pattern of electrical activity, de-
polarizing and repolarizing at the highest rate
in the heart. Impulses which originate in this
region, near the junction of the superior vena
cava and the right atrium, spread through

the heart in an ordered sequence (see Tsien
and Siegelbaum, 1978; and, for more detail,
Hoffman and Cranefield, 1960). Distinct

-electrical responses have evolved in different

regions of the heart to ensure proper distri-
bution and timing of impulse spread.

The normal sequence of impulse spread is
illustrated in Figure 1.1, along with drawings
representative of electrical activity in differ-
ent areas of the heart. The impulse spreads
quickly from the S-A node throughout the
atrial muscle, aided by special conducting
tissue that resembles ventricular Purkinje fi-
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i
mV
-50 0 ,
ST Ly
L

sna

Fig. 1.2 Action potential (V,,),
twitch tension (T), and aequorin-
luminescence signal (L) recorded
from an isolated canine Purkinje
fiber. Membrane potential was
measured with an intracellular
microelectrode. The luminescence
signal monitors intracellular free
calcium concentration. The rela-

o X

tionships between membrane po-
tential, intracellular free calcium,
and contractile activation are pre-
sented in detail in Chapter 2. Con-

e
100ms

bers (Hogan & Davis, 1968). The junction
between atrial and ventricular muscle is the
atrioventricular node (A-V node), a small
strip of fine fibers connecting these two kinds
of cardiac muscle. The A-V node action po-
tential is conducted very slowly through these
fibers, ensuring a delay between atrial and
ventricular contraction.

From the A-V node the impulse is con-
ducted throughout both ventricles by spe-
cialized conducting tissue, the Purkinje fi-
bers. These fibers consist of bundles of large
cells and are therefore well suited for rapid
impulse conduction. With this rapid con-
duction, muscle fibers throughout both ven-
tricles are excited within a few milliseconds
and consequently produce a synchronous
contraction.

Ionic Basis
of Action Potentials
-in the Heart

Action potentials recorded from different
regions of the heart may be distinguished by
electrical characteristics that are well cor-
related with the regional physiological roles
of the impulse. The differences in electrical

ventional division of action poten-
tial phases is given. (G. Wier,
unpublished data.)

activity have evolved from regional differ-
ences in both morphology and ionic cur-
rents. Thus it is really less than ideal to dis-
cuss cardiac electrical activity without giving
a detailed description of the ionic mecha-
nisms of each region. Although such a de-
tailed description is evolving, thanks to re-
cent experimental i 1mprovements we do not
yet have it complete.

Therefore, in order to briefly review ionic
mechanisms, Figure 1.2 shows an example
of an action potential and accompanying
twitch tension recorded from an isolated calf
Purkinje fiber. The figure shows the con-
ventional division of different phases of the
action potential, and the ionic currents as-
sociated with each phase are listed in Table
1.1. The roles of these currents in the dif-
ferent action potential phases resemble those
of ionic currents in other cardiac fibers. Dif-
ferences arise, perhaps, in the relative
amounts of various currents or in the total
number of time-dependent currents in a par-
ticular region.

Each of these Purkinje fiber membrane
currents is described in detail by Noble (1979)
and in an earlier paper by McAllister et al.
(1975), although several characteristics of
these currents have been updated since these
articles were written. Instead of describing
all of these currents, the remainder of this ..
chapter will focus on the two regenerative
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Table 1.1 Major Time-dependent Membrane Currents in the Purkinje Fiber.

Action potential phase Membrane current

Principal charge

Kinetic characteristics carrier

Rapid upstroke Excitatory inward
(phase 0) (Ina)

Transient outward
current (/)

Fast repolarization

(phase 1)

Plateau
(phases 2 and 3)

The plateau is

maintained by a

balance of two time-

dependent currents:

1) slow inward
current ()

2) delayed rectifier
(L)

Pacemaker Pacemaker current
depolarization (Ix2)
(phase 4)

Very fast activation Sodium ions

fast inactivation

Potassium ions
(this current is, at
least in part, a Ca-
activated potassium
current)

Rapid activation
slower inactivation

I;: rapid activation 1, calcium ions

slow inactivation

I,: slow activation 1.: largely potassium
no inactivation ions :

Potassium ions
(in part)

Slow activation
no inactivation

inward currents of the Purkinje fiber and
other cardiac tissues.

Two Inward Currents
in the Heart

From Equation 1.3, it is clear that inward
transmembrane ionic current (positive charges
moving from outside to inside the cell) de-
polarizes the cell membrane, and that the
rate of depolarization is proportional to the
magnitude of the current. From records like
those in Figure 1.1, action potentials in the
heart may be divided into two general groups
based on rate of depolarization. In one group
(atrial and ventricular muscle, Purkinje fi-
bers), the action potentials are characterized
by very rapid (500 v/sec) upstrokes, whereas
in the second group. (S-A and A-V nodal
fibers) the action potential rises with a mark-
edly slower upstroke (10 v/sec). Using Equa-
tion 1.2 as a guide, this contrast in upstroke
velocity suggests that the regenerative in-
ward current in the nodes might be much
smaller than in other cardiac tissues, and thus
might be carried via a distinct mechanism.

Another distinction between these groups is
the voltage range from which these up-
strokes emerge. The nodal tissues are acti-
vated at a considerably more positive voltage
than the other cardiac preparations.

These two observations provide clues to
the existence of two inward currents in car-
diac cells, distinguishable both by the volt-
age at which they activate and by the dif-
ferences in their amplitude. Considerable
experimental evidence now supports this view
and provides several criteria for distinguish-
ing these excitatory currents. One current,
carried by sodium ions, resembles regener-
ative sodium current in nerve and skeletal
muscle and is responsible for the rapid up-
stroke and fast impulse conduction in atrial
and ventricular muscle as well as in the spe-
cial conducting tissue. A second current, car-
ried principally by calcium ions, generates
the nodal upstroke, underlies slow impulse
conduction in the A-V node, and maintains
the plateau phase of the action potential in
other parts of the heart. The characteristics
of these currents and some of the roles they
play in normal and abnormal impulse con-
duction are described in the following sec;
tions.
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Sodiuam Current

The upstroke of the action potential of work-
ing cardiac muscle and cells of the special-
ized condycting tracts is due to a transient
increase in membrane permeability to so-
dium ions. The very rapid rates of rise of the
action potentials in these tissues (on the or-
der of 500 v/sec) indicate, from Equation
1.3, that the current responsible for these
voltage changes is large (about 1 mA/cm?).

Sodium currents (/,,) have now been
measured in several cardiac preparations
(Colatsky & Tsien, 1979; Lee et al., 1979;
Colatsky, 1980; Ebiharaetal., 1980). Inmany
aspects these currents appear similar to so-
dium currents in nerve and skeletal muscle.
When the cell membrane is depolarized be-
yond —65 mv, an inward current is initiated
which rises to a peak and then declines within
a few milliseconds (Fig.1.3A). As in other

nA

-1560

Reiative Py, (®), inactivation ( )

(FoxE iiar. o ey
10 msec

excitable cells, sodium current in the heart
is described as ion movement through chan-
nels which are regulated by time- and volt- -
age-dependent activation and inactivation
gates. At a particular time and voltage, the
fraction of open sodium channels is deter-
mined by the product of the activation and
inactivation gating parameters. The steady-
state voltage dependence of these parame-
ters obtained in the rabbit Purkinje fiber is
given in Figure 1.3B.

As this product is zero at all potentials in
Figure 1.3B, these curves predict that the
sodium conductance must also be zero in the

- steady-state. However, the data in these

curves were obtained at low temperatures.
At more physiologic temperatures there is a
region of overlap of these two parameters
that results in a “window” of steady-state
sodium current over the plateau potential
range (Attwell et al., 1979). This current ac-

Fig. 1.3 Sodium current in the
rabbit Purkinje fiber. A. Families
of total membrane current ob-
tained using conventional proto-
cols for inactivation (left) and
permeability (right). The inacti-
vation curve was measured at a
constant test pulse voltage (-38 mV)
following 500 msec prepulses.
Permeability was measured from
peak inward currents measured at
various test pulses from a -58 mV
holding potential. B. Voltage-de-
pendence of relative sodium cur-
rent inactivation () and perme-
ability (@). (Data from Colatsky,
1980.)

-100

+20 .



counts for the effects of tetrodotoxin (TTX)
and sodium removal on the cardiac action
potential plateau (Weidmann, 1955; Dudel
et al., 1966; Coraboeuf et al., 1979).

Membrane potential affects the inacti-
vated sodium channels, and thus determines
the number of sodium channels available for
impulse conduction. In the plateau potential
range (Fig. 1.3B) most of these channels are
inactivated. The time course of removal of
sodium channel inactivation at diastolic po-
tentials determines the availability of these
channels for impulse conduction and con-
sequently the periods in which the cells re-
main inexcitable (refractory).

Sodium channel inactivation is also im-
portant to the mode of action of local an-
esthetics. The position of the inactivation
curve along the voltage axis is sensitive to
these drugs as well as to change in extracel-
lular divalent cation concentration. One
mechanism by which these compounds exert
their stabilizing effect on membranes is by
shifting the sodium current inactivation curve
in the negative direction (Lee et al., 1981a;
Bean et al., 1981). Thus fewer sodium chan-
nels are available at diastolic potentials, and
the membrane must be subjected to stronger
depolarizations to initiate impulses.

Sodium channels in the heart thus resem-
ble sodium channels in other excitable cells
in their voltage dependence and sensitivity
to local anesthetic drugs. But some clues—
such as a distinct, low TTX sensitivity—sug-
gest that cardiac sodium channels may dis-

- play marked differences from those of other
cells. This interesting possibility is one ex-
ample of the important question presently
being investigated using voltage-clamp anal-
ysis of sodium currents in the heart.

Calcium Current
Action Potential Experiments

Under a variety of experimental conditions
which result in membrane depolarization, the
action potential of the Purkinje fibers or of
working myocardial muscle can be made to
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resemble electrical activity of the S-A or A-
V node. This experimentally induced action
potential is characterized by a very slow rate
of rise (about 10v/sec) and a slow conduction
velocity (.1 — .01 m/sec). Consequently, it
is referred to as a slow response action po-
tential (Cranefield, 1976, 1977).

In contrast to the normal upstroke of my-
ocardial fibers (or of Purkinje fibers), the
slow response upstroke is not abolished by
TTX or by removal of extracellular sodium.
Instead, it is sensitive to extracellular cal-
cium and other divalent cations, and is in-
hibited by a group of compounds which do
not significantly block sodium channels. The
ionic and phatmacologic evidence suggests
that this current is distinct from the current
carried by sodium channels.

The current which generates the slow re-
sponse is now referred to as the slow inward
current (I,;). It is carried principally by cal-
cium ions and is as small as Y10 of peak
sodium currents. In addition to the slow re-
sponse, it underlies impulse conduction in
nodal tissue (Noma et al., 1977; Brown and
DiFrancesco, 1980) and is crucial to main-
tenance of the plateau phase of action po-
tentials of myocardial and special conducting
tissues (McAllister et al., 1975; Beeler and
Reuter, 1977).

As early as 1956 (Coraboeuf and Otsuka),
observations on the action potential of the
guinea pig ventricle were difficult to recon-
cile with only one (sodium-dependent) in-
ward current in the heart. But it was a series
of studies on slow responses in Purkinje fi-
bers that provided the clearest evidence for
I, (reviewed by Carmeliet, 1980; Reuter,
1979). These results have been confirmed
and examined in more detail in voltage-clamp
investigations. ;

Voltage-Clamp Studies of I;

Voltage-clamp investigations in Purkinje fi-
bers (Reuter, 1967; Vitek and Trautwein,
1971) and other preparations (Rougier etal.,
1969; Beeler and Reuter, 1970; New and
Trautwein, 1972) soon demonstrated the ex-

P
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istence of a calcium-sensitive inward current
(I;) contributing to net membrane currents
measured positive to —50 mv. This current
has many of the properties suggested by the
slow response experiments: it is enhanced
by catecholamines and blocked by Mn**
and other metallic cations, and it has a volt-
age dependence distinct from Iy,

Detailed studies of I; have been difficult
to carry out in Purkinje fibers, as the inward
current is masked by two overlapping out-
ward currents in this preparation. The first
of these is a transient current which domi-
nates early periods of voltage depolariza-
tions (I,,; see Table 1.1); the second is the
slowly activating delayed rectifier (1,), also
in Table 1.1, which contributes to currents
measured at later times during voltage-clamp
steps.

However, even in preparations in which
outward current overlap is not so severe (for
example, ventricular muscle), studies of /;
remained controversial because of the prob-
lems which arise when voltage-clamping in-
ward current in multicellular tissue. This dif-
ficulty was partially resolved when theoretical
calculations defined conditions that permit
adequate measurement of I;. Using these
conditions, several properties of /;; have been

Table 1.2 Measurements of /,, in Cardiac Preparations.

established and subsequently confirmed in
different cardiac preparations (Table 1.2).
L; has been analyzed by Reuter, Traut-
wein and others (see Reuter, 1979, for re-
view) and is described analagously to I,
as current through a gated channel.
Its parameters are defined as follows:

Isi = gsi s d d f ¥ (Em ] Esi)’ - (15)

Where g,; is the conductance when all the [;
channels are fully open, d is the activation
gating variable, fis the inactivation variable,
and (E,,— E,;) is the electrochemical driving
force. The gating parameters d and f reflect
the fraction of open channels at a given volt-
age and account for the voltage-dependent
opening and closing of this channel. How-
ever, the voltage range and time course of
the I, parameters are different from those
of I,.

Steady-state  Activation and Inactiva-
tion. Figure 1.4A shows the measurement
of 1,; using a standard voltage-clamp protocol
and a technique which permits a pharma-
cologic dissection of this current (discussed
below). A representative plot of the voltage-
dependence of the steady-state values of the
activation and inactivation parameters is also

Blocked by:
Species/Preparation Type Mn+ /D600 TTX Reference
Ventricular Muscle
canine trabeculae, papillary muscle yes n/a Beeler and Reuter, 1970
cat trabeculae and papillary muscle yes n/a McDonald and Trautwein, 1978
chick embryonic cell cluster yes no Nathan and DeHaan, 1979
single rat heart myocytes yes no Isenberg and Klockner, 1980
single guinea pig and rat myocytes n/a no Lee et al.. 1981b
Atrial Muscle
frog sinus venosus ©yes no Rougier et al., 1969
frog sinus venosus yes no Brown et al.. 1977
single frog atrial myocytes yes no Giles and Hume, 1981
S-A Node
rabbit ves no Noma et al., 1977
rabbit yes no Brown and DiFrancesco, 1980
Purkinje Fiber
sheep n/a n/a Reuter, 1967
calf yes - n/a Kass and Tsien. 1975
calf yes n/a Kass and Wiegers, 1982




shown (Fig. 1.4B). As suggested by the slow
response data,.the voltage range of /; in-
activation is different from that of I,,. The
calcium curgent is activated over potentials
at which I, is almost completely inactivated.

As seen in the current trace of this figure,
these channels open (activate) rapidly on de-
polarization and then close (inactivate) more
slowly. Typical time constants for inactiva-
tion (7;) range from 200 to 500 msec, whereas
the activation time constant (7,) is reported
to reach a maximum of 35 msec (Beeler and
Reuter, 1977). Recent experiments that have
permitted better resolution of the kinetics of
activation suggest that this channel opens
much faster than had been suggested by pre-
vious data.

I,; Channel Selectivity and Sensitivity to Neu-
rotransmitters. The [; equilibrium, or re-
versal, potential (E;;) is determined by meas-
uring the membrane potential at which zero
net current flows through the open /; chan-
nel. Measurements of changes in the reversal
potential when the ionic environment of the
channel is systematically varied determine
the channel selectivity. Reuter and Scholz
(1977a.b) varied extracellular ion concentra-
tions and showed that this channel is highly,
but not specifically, selective for calcium ions.
They found that sodium or potassium ions
also move through the channel, but are ap-
proximately Y100 as permeant as calcium. More
detailed measurements of ion permeation
through these calcium channels are now being
carried out under conditions in which the
ionic concentrations on both sides of the
cell membrane are controlled (Lee et al.,
1981b).

I; is very sensitive to neurotransmitters.
It is decreased by muscarinic agents (Giles
and Noble, 1976; Ten Eick et al.. 1976) and
it can be increased by as much as a factor of
2.5 by adrenergic compounds (Kass and
Wiegers, 1981). Reuter and Scholz (1977b)
showed that the principal action of epineph-
rine on /; is to increase the maximal con-
ductance (g,;) of this current. This can occur
either by increasing the number of cakcium
channels, each with a constant single-chan-
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nel conductance, or by increasing the con-
ductances of individual channels while the
total number of available channels remains
constant. Reuter and Scholz (1977b) suggest
the former case, but this must be confirmed
by actual measurements of the effects of ep-
inephrine on the I; single-channel conduct-
ance.

Recent Experimental Advances
in I, Measurement

Several new experimental techniques have
been introduced which are providing a clearer
and more detailed description of cardiac cal-
cium current. Some of these techniques are
outlined here.

Pharmacologic Dissection of I;. The inabil-
ity to isolate /; from total membrane current
records has limited quantitative analysis of
this current. This problem is most apparent
in the Purkinje fibers, where two time-de-
pendent outward currents overlap ;. Two
pharmacologic procedures have been re-
ported to block these outward currents and
to unmask I,;. The first involves replacement
of intracellular potassium by Cs* using the
iontophore nystatin (Marban, 1981). In a
second approach, the quaternary ammo-
nium compound tetrabutylammonium, a po-
tassium blocker in nerve, is injected intra-
cellularly using micro-iontophoresis (Kass et -
al., 1981). The records in Figure 1.4A were
obtained following the latter treatment.
These techniques provide much better res-
olution of the time course of /; and, in ad-
dition, they will permit pharmacologic dis-
section of this current using calcium blocking
agents. Using this approach, Marban and

‘Tsien (1981) have already found that inac-

tivation of the calcium channel might be fa-
cilitated by intracellular calcium ions.

Voltage Clamp of Isolated Cardiat
Cells. Several groups have reported suc-
cessful measurements of ionic currents in en-
zymatically dissociated single heart cells (Lee
et al., 1979; Isenberg and Klockner, 1980;
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Fig. 1.4 Calcium current in intact prep-
aration. A. Purkinje fiber membrane cur-
rent measured in reponse to 250 msec
voltage step before (a) and after (b) ex-
posure to 10nM D600. Subtraction from
the control record of background current
that remains in the presence of this cal-
cium blocker reveals I; (trace a-b). Note
very rapid activation and slower inacti-
vation of this current. Outward currents
were blocked by injection of tetrabutyl-
ammonium (TBA) (Kass, unpublished
data). B. Steady-state activation (d..) and

Hume and Giles, 1981). This approach avoids

the problems associated with voltage-clamp

studies of multicellular preparations and
provides the best method for studying chan-
nel parameters with very fast kinetics. An
example of calcium current recorded from
single atrial cells is given in Figure 1.5, and
a summary of cardiac preparations in which
this current has been measured is given in
Table 1.2.

Calcium Bldckers:
Roles as Biophysical Tools
and Therapeutic Agents

Calcium current in each of these prepara-
tions is inhibited by the same, rather diverse
group of compounds, which includes the me-
tallic cations La*+, Mn*+*, Co*+, Ni++,
and several organic agents such as D600, ver-
apamil, and nifedipine (these agents and their

inactivation (f.) gating parameters ob-
tained from cow ventricular trabeculae
(Reproduced with permission from Reu-
ter, 1979).

effects in cardiac muscle are discussed in more
detail in Chapter 10). These blockers have
great potential in the treatment of calcium-
dependent electrical disturbances in the heart.
In addition they can be very useful in bio-
physical studies of I;.

Pharmacological Dissection of I;

Selective block of I, is very desirable from
the point of view of the electrophysiologist,
as that would permit its dissection from other
currents that are measured in response to
voltage clamp test pulses. The best example
of successful application of this procedure is
the use of TTX to isolate sodium currents in
nerve.

This procedure requires high specificity of
the I; blocking compound. Unfortunately,
all I; blockers investigated to date have been
shown to affect the two outward plateau cur-
rents /,, and I, in addition to /,; (Kass and



