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FOREWORD

This book emphasizes the fundamental, functional
aspects of cardiology. Within the last thirty years,
the rift between clinical and investigative cardiology
has widened, because of the overwhelming devel-
opment of new clinical procedures, both diagnostic
and therapeutic. Almost forgotten is the fact that
we owe most of the clinical advances to theoretical
and experimental observations. I need not remind
the reader of the work of Carrel, who performed the
first experimental coronary bypass in 1902, or the
work of the brothers Curie in 1880, both physicists,
who discovered piezoelectricity, the keystone in ech-
ogradiography; of the works of Langley, who intro-
duced the receptors concept; of Ahlquist in 1946,
who first differentiated between alpha and beta re-
ceptors; of Fleckenstein, a physiologist who pi-
oneered the field of Ca’" antagonists. This list

could go on for several pages. Thus the bnok edited
by Sperelakis 1s a potent reminder of the almost for-
gotten fact that cardiology has two sites, inextrica-
bly related.

The book deals with subjects in which Dr. Sper-
elakis has pioneered: ultrastructure of heart muscle,
electrophysiology, cardiac contractility, and ion ex-
change. An extension of these subjects is the chapter
dealing with fundamental topics of the coronary cir-
culation.

This book is indeed a timely reminder of the im-
portance of the fundamental aspects of cardiology.
Emphasis on clinical aspects of cardiology alone will
result in a sterile and unproductive future for a field
that has made such stunning advances during the
last thirty years to the benefit of millions of people.

Richard J. Bing

xi



PREFACE

The theme of this book is the physiology and func-
tion of the heart in the normal state and in various
pathologic states. The two major sections are on (1)
cardiac muscle and related tissues, such as nodal cell
and Purkinje fiber systems, and (2) coronary circu-
lation, including properties of the vascular smooth
muscle cells. Not only are the relevant physiology
and biophysics discussed, but, in addition, the ul-
trastructure, biochemistry, and pharmacology—that
is, the book attempts to integrate all relevant as-
pects of the factors influencing the function of the
heart as a vital organ under normal and abnormal
conditions and states. The book also attempts to set
the foundation for an understanding of the action
of, and mechanism of action of, a number of classes
of cardioactive drugs, including the calcium antag-
onistic drugs, antianginal drugs, antiarrthythmic
drugs, and cardiac glycosides.

Each chapter is written by one or more experts in
the area who have been selected from around the
world. The authors were asked to aim for a clear,
concise, accurate, and up-to-date summary of the
topic in a didactic and textbook teaching style. it
was suggested that the authors present key refer-
ences only, with heavy emphasis on review-type and
summary-type articles. The reader should be able to
obtain the important facts, concepts, and hy-
potheses from the chapters and, if he or she wishes
to go into greater depth and examine more of the

evidence on some particular aspect, he or she can
look up the appropriate reference.

The book is intended for practicing and academic
cardiologists, related medical specialists, and re-
searchers. However, resident physicians, graduate
students, and medical students should find the book
useful as a reference volume to supplement and am-
plify specific points covered in lectures and in
broader textbooks. The authors were made aware of
the audience intended for the book, and were re-
quested to pitch their chapter at the appropriate
level. It was suggested that they present sufficient
detail, documentation, and illustrations as fequired
for the readership that the book was aimed at. The
clinician undoubtedly recognizes the importance of
basic science aspects of the heart that underlie his or
her practice of cardiology, and this undertaking at-
tempts to help bridge the gap between basic science
and clinical science.

As mentioned above, the chapters have been writ-
ten by a distinguished group of experts and out-
standing researchers in their respective fields from
around the world. It has been my great pleasure in
assembling and working with this distinguished
group of individuals in this rather massive under-
taking. I hope that the readers will recognize the
merits of the book and will agree that it represents
a clear, concise, up-to-date, and multidisciplinary
book on the heart.

Nicholas Sperelakis

xiii



PHYSIOLOGY AND PATHOPHYSIOLOGY
OF THE HEART



I. CARDIAC MUSCLE




1. ULTRASTRUCTURE OF MAMMALIAN
CARDIAC MUSCLE

Michael S. Forbes
Nicholas Sperelakis

Introduction

The great majority of muscle cells of the mam-
malian heart are superbly organized entities. It
is impressive to consider that observations on
these myocytes are in most cases being made
on cells which are roughly the same age as the
entire animal; only a scant bit of evidence is
yet available to suggest that any substantial ca-
pability for regeneration is intrinsic to the myo-
cardia of higher vertebrates (see the section on
Nucles). Still these venerable cells can respond
admirably under trying circumstances, such as
those necessitating osmotic shrinkage or hyper-
trophy, in which cases they adjust their sarco-
lemmal and myoplasmic components to main-
tain an extraordinarily constant surface—volume
ratio [1, 2}. In this chapter, we provide a
sketch of the fine structure of cardiac muscle
cells in mammalian heart. The many electron
microscopic studies of such cells have served to
point out the difficulty of making generaliza-
tions when considering the numerous aspects of
myocardial substructure. We will, neverthe-
less, describe the salient features of myocardial
cells, while pointing out along the way some
of the variations on these basic themes which
have been discovered to date.

Myocardial cells are commonly classified ei-
ther in terms of their location within the heart
(i.e., atrial vs ventricular) or according to their
primary function (working {contractilel vs con-
ductive). For the purposes of this description,
we have chosen to deal with cardiac muscle

N. Sperelakis (ed.). PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART.
All rights reserved. Copyright © 1984.

Martinus Nijhoff Publishing. Boston/The Haguel

Dordrecht/Lancaster.

cells primarily on the basis of the latter system
of classification. “Working” cells are those
which carry out the bulk of the mechanical ac-
tivity of the heart, whereas cells of the AVCS
(atrioventricular conducting system) are respon-
sible for the generation and delivery of action
potentials which regulate the rate and direction
of heart contractions. Depending on the species
being examined, the differences in morphology
between working and AVCS cells may be pro-
found, or may be scarcely appreciable.

Other comprehensive reviews of cardiac ul-
trastructure are available {e.g., 3-5}, and
there also have been published detailed compi-
lations addressed to one or more specific cyto-
logic feature of cardiac muscle cells, notably
the membrane systems {6—8]. The efficacy of
our summary sketch will be to present a pic-
ture of myocardial ultrastructure against which
the results of microscopic studies—be they of
normal or pathologic tissue—can be effectively
compared. In addition, this study will serve to
some degree as an anatomic reference for the
remaining chapters in this volume. Because of
the requisite interest in the structure and func-
tion of human heart, we have weighted this
chapter on the side of the myocardial cells of
the monkey, which offer both the advantages
of reasonably ready availability and the ethical
possibility of optimum fixation by means of
vascular perfusion.

Synopsis of Myocardial Cell Structure

The generalizations of microscopic appearance
which can be applied to the cardiac muscle

cells of mammals are briefly described in this
3
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1. Transmission electron micrograph. Survey of longitudinal thin section of myocardium from right papillary

muscle of monkey (vervet: Cercopithecus aethiops). A characteristic feature of these typical cardiac muscle cells is the

FIGURE 1-

longitudinal alignment of their major constituents; these include the myofibrils (Mf), which frequently exhibit branched

and nuclei, one of which

(N) appears in this field. Regions of mitochondrion-rich myoplasm extend from each pole of the nucleus; examples of

>

which are arranged in intermyofibrillar rows for the most part

profiles, mitochondria (Mi),

lipofuscin bodies (Lf) are most often located in this “nuclear pole myoplasm.” The cell tips incorporate numerous

intermembranous junctions, which collections form the intercalated discs (ID). Scale bar represents 10 pm.



1. ULTRASTRUCTURE OF MAMMALIAN CARDIAC MUSCLE 5

section; the details and variations of cell struc-
ture are considered at greater length in the sec-
tions on Working (contractile) myocardial cells and
Conductive myocardial cells.

WORKING VENTRICULAR CELLS

The contractile myocytes of the ventricular
walls, papillary muscles, and interventricular
septum are elongate, densely packed cells
which are grouped into muscular rods or
bands. Such cells display a distinct longitudi-
nal polarity of the majority of their internal
contents, including myofibrils, mitochondria,
and nuclei (figs. 1-1 and 1-2). The closely ap-
posed portions of cells—primarily the cell
tips—contain numerous junctions which col-
lectively form 7ntercalated discs, the extensive re-
gions of adhesion which are obvious even with
light microscopy {9, 10}. Myofibrils, bundles
of contractile protein filaments, are the primary
cell constituent, followed in incidence by mi-
tochondria, which fall into rows in the inter-
myofibrillar spaces and into less well organized
masses in the subsarcolemmal and nuclear pole
regions. Ventricular myocardial cells frequently
possess two or more nuclei. The two membrane
systems—i(a) transverse (T) and axial tubules
(which together comprise the T-axial tubular
system: TATS), and (b) the sarcoplasmic retic-
ulum (SR)—are well developed and frequently
arranged in patterns seemingly directed by the
presence of sarcomeric segmentation of the
myofibrils. Working ventricular cells are
thicker and more voluminous than their atrial
counterparts.

WORKING ATRIAL CELLS

Although many of their cytologic features re-
semble those of ventricular muscle cells, the
contractile cells of the atrium are substantially
thinner (figs. 1-5 and 1-36) and frequently
lack a system of T tubules. The packing of
muscle cells within atrial walls and trabeculae
is less dense than is the case for ventricular
musculature. Intercalated discs are less elabo-
rate and often consist largely of side-to-side at-
tachments (figs. 1-5 and 1-36). The hallmark
of atrial myocytes is the presence of atrial spe-
cific granules (figs. 1-36 and 1-38), dense-cored

spheroids which appear in the nuclear pole cy-
toplasm, between myofibrils, and in the sub-
sarcolemmal myoplasm.

CONDUCTIVE CELLS

Cells of the AVCS are the most varied in terms
of interspecific comparison, as will be further
considered in the section on conductive myocar-
dial cells. Suffice it to say that the majority of
nodal cells (i.e., those of the sinoatrial and
atrioventricular nodes) are small and highly in-
terdigitated to form characteristic cell groups
(fig. 1-6). Nodal cells may, however, be diffi-
cult to distinguish from adjacent atrial cells,
save on the basis of the numerous specific gran-
ules of the latter and the frequent Z-disc alter-
ations in the former. The so-called Purkinge
cells, which for the most part form subendocar-
dial networks on the inner ventricular surfaces,
are in many mammals thin cells with poorly
developed intercalated discs and a fair amount
of myofibrillar material. However, myofibril-
poor cells can be seen as well, and in mammals
such as the ungulates such Purkinje fibers are
extremely large and are occupied by great
quantities of glycogen and intermediate fila-
ments [e.g., 11, 12}. There is general consen-
sus that AVCS cells lack a system of T tubules,
although they sometimes display pleimorphic
sarcolemmal invaginations (see Noda/ cells).

Working (Contractile) Myocardial Cells

CELL SHAPE AND SIZE

The overall forms of myocardial cells are not
always apparent upon inspection of their pro-
files in the various tissue sections utilized for
light and electron microscopy (fig. 1-1). A fur-
ther degree of uncertainty is imposed by the
existence within the mammalian heart of sev-
eral rather distinct categories of cardiac muscle
cells. To date, much of the investigation of
three-dimensional structure has been carried
out in the working ventricular myocardial cell,
the classic form of the cardiomyocyte. This has
been accomplished for the most part by the iso-
lation of intact individual cells and the exami-
nation of those cells by various modes of
microscopy (light, scanning electron, and



FIGURE 1-2. Phase-contrast light micrograph of ventricular cardiac muscle cell, isolated from rat heart by means of
enzymatic digestion and mechanical dispersion {13]. The longitudinal array of myofibrils is obvious, and the myofibrillar
banding pattern is clearly discernible (cf. fig. 1-1). The uneven profile of the cell tips is typical, derived from the cell’s
content of myofibrils of different lengths. Scale bar represents 20 pwm.

FIGURE 1-3. Scanning electron micrograph of isolated rat ventricular myocyte. Staggered cell ends are evident; these are
the basis of the steplike intercalated disc profiles found in thin sections (cf. figs. 1-1 and 1-27). The transverse striations
seen over the entire lateral cell surface are likely “Z ridges,” which probably are exaggerated by shrinkage of the
sarcolemma over the Z discs of subsarcolemmal myofibrils. The curvature of this cell suggests origin from the ventricular
wall. Scale bar represents 10 pwm.
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transmission electron f[e.g., 13-15}). The
shape of the “typical” cardiac muscle cell is
largely the product of its internal construction,
the cell appearing as a fasceslike assemblage of
myofibrils, about which an external covering
(the sarcolemma) is wrapped. The enveloped
myofibrils may assume a variety of lengths, and
thus frequently create staggered cell ends
which are the basis of the steplike intercalated
disc profiles (see Intermembranous junctions and
figs. 1-1 and 1-3). In situ, the shape of the
cardiac muscle cell is dictated also to some de-
gree by its surroundings, the ventricular cell’s
profile in particular conforming to the contours
of the numerous blood vessels of the heart (fig.
1-4). It has been pointed out that ventricular
cells are not the simple cylindrical entities
implied to exist by some histology texts, but
in fact may be band- or ribbonlike, displaying
in addition a goodly amount of branching
[16, 17]. There has been increasing utilization
of computer-based imaging of heart shape {18,
191; recently this has been profitably used to
describe the forms of both atrial and atrioven-
tricular bundle cells {18}.

The length of the “average” mammalian
ventricular myocardial cell is commonly given
as ca. 100 pm, with diameters on the order of
15-20 pwm. In fact, the flattened configuration
of ferret ventricular cells establishes for them
both major and minor “diameters” of 26.8 pm
and 8.3 wm, respectively {17}. Though it can-
not be stated with certainty that individual
myocardial cells retain their original shapes
once they have become detached from one an-
other, much of the recent data relating to cel-
lular dimensions is derived from studies of sin-
gle-cell preparations (figs. 1-2 and 1-3). There
is variation between the results obtained by dif-
ferent investigators for similar preparations,
however. Nag et al. [20] have given figures of
80 pm length and 12 pwm diameter for isolated
rat ventricular cells. On the other hand, Bishop
and Drummond {21} record corresponding av-
erage values of 94 wm and 18 wm, but point
out that two distinct cell types, mononucleate
and binucleate, exist in adult rat ventricle. The
binucleate cells constitute 85% of the total
myocardial cell population, each possessing
twice the volume of a typical mononucleate

cell, and being both a third longer and a fifth
again wider. Polyploidy is in fact common in
ventricular cells (see Nucler) and would be ex-
pected to create different populations—in
terms of cell size—in a number of mammalian
species.

FIBRILLAR COMPONENTS

Myopibrils and Myofilamentous Masses. In tonic,
“fast-twitch” skeletal muscle, the discrete bun-
dles of proteinaceous filaments (myofibrils) con-
stitute the major portion of each cell. Since a
great deal of cardiac muscle terminology has
been derived from the study of skeletal muscle
morphology, the term “myofibrils” was auto-
matically applied to the collections of contrac-
tile material found in heart cells (fig. 1-7).
Few cardiac myofibrils attain in cross section
the circular profiles and regular, small diame-
ters of skeletal myofibrils, however, instead
forming more massive assemblages of filaments
which partially or totally envelop the associated
mitochondria (fig. 1-8). For this reason,
McNutt and Fawcett {4} proposed the term
“myofilamentous masses” as better descriptive
of myocardial filament bundles. In this respect,
myocardial cells of larger mammals are in fact
reminiscent of phasic or of slow-twitch tonic
skeletal muscle, whose myofibrils display a
pleiomorphic Felderstruktur, as opposed to the
Fibrillenstruktur typical of fast-twitch muscles
such as frog sartorius. Conversely, Fibrillen-
struktur of a sort can be detected in smaller,
fast-beating hearts such as those of mouse and
shrew (which arrangement apparently provides
substantially greater expanses of surface upon
which the system of sarcoplasmic reticulum tu-
bules can form {fig. 1-22]). Most investigators
have thus far elected to retain myofibril as the
preeminent term for all bodies in muscle which
are composed of actin, myosin, and a actinin
(along with various accompanying proteins
such as tropomyosin.)

A longitudinally arrayed, striped pattern is
obvious in cardiac myofibrils (figs. 1-1, 1-7,
and 1-19). The details of this pattern are es-
sentially the same for all mammals examined,
and comprise the I bands, A bands, and Z
bands (or “Z lines,” “Z discs”). These desig-



FIGURES 1-4 to 1-6. Survey transmission electron micrographs of the three major categories of myocardial cells (samples
taken from rhesus monkey), presented at the same magnification for comparison of the relative degrees of packing, shape,
and size of the muscle cells.

FIGURE 1-4. Right papillary muscle. In transverse section, these ventricular myocardial cells display extreme pleio-
morphism. Profiles of cardiac myocytes are indented to accommodate the numerous blood vessels. In this field, myocar-
dial nuclei are located in more-or-less central positions, and in one region a sizeable expanse of an intercalated disc (ID)
is caught in section. Scale bar represents 5 pm.



FIGURE 1-5. Left atrial trabecula. Cell profiles are arranged in a loosely packed array. Although the cells vary widely in
size, all are considerably smaller than ventricular cells (cf. fig. 1-4). Atrial intercellular attachments are largely invested
in simple, side-to-side “spot-weld” appositions (arrows). Scale bar represents 5 pm.

FIGURE 1-6. Sinoatrial node. These small cell profiles are characteristically joined together in groups by complex inter-
digitations (also see fig. 1-39). Scale bar represents 5 wm.



FIGURE 1-7. Rhesus monkey right papillary muscle. In this longitudinally cut cell, the classic banding pattern of relaxed
myofibrils is evident. Each sarcomere is delimited by Z bands (Z), and consists in addition of two “half’ I bands (entire
I bands are denoted: I) and the opaque A band (A), which occupies much of the sarcomere length. At the center of the
sarcomere there appears the M-band—L-line complex or “pseudo-H zone” (psH), which is shown in greater detail in
figure 1-11. A number of cell structures are known to be located preferentially at the Z-band level of the myofibrils
[28}. Among these are transverse tubules (TT) and spheroidal expansions of the sarcoplasmic reticulum (“corbular” SR:
C-SR), here seen as individual profiles (cf. 1-19 and 1-26). The sarcomere pattern of the centermost myofibril is out of
register with respect to the remaining myofibrils, a common occurrence in myocardial cells (also see figs. 1-1, 1-8, and
1-19). At the left of the micrograph is the cell surface (sarcolemma), which bears a lightly opaque covering (the surface
coat: SC) on its extracellular side. The electron-lucent profiles near the surface coat are negatively stained collagen fibrils.
Scale bar represents 1 pwm.

10



11

FIGURE 1-8. Rhesus papillary muscle cell in transverse section. In this field, all the divisions of the sarcomere appear in
cross section (cf. fig. 1-7). Several areas of Z-line substance (“Z discs”) appear at the top of the field (Z); other regions
contain elements of the I band (I) and A band (A). One myofibril is cut at its midlevel (*), a detail of which is shown
in figure 1-10. Note that the myofibrillar profiles are pleiomorphic, forming a Felderstruktur similar to that of slow
skeletal muscle. Mitochondria are massed between myofibrils, and some (Mi) are enveloped by them. Lf, lipofuscin body.
Scale bar represents 1 pm.
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nations correspond to the terms derived from
examinations of muscle with polarized light (I,
isotropic; A, anisotropic) and from observations
by German histologists (Z, Zwischenscheibe, “di-
viding line”; H, belle Zone, “light zone”; M,
Mittellinie, “‘middle line”). The classic longitu-
dinal unit of each myofibril is the sarcomere,
which contains two “half’ I bands and one A
band (see fig. 1-7). Strictly speaking, each sar-
comere length also incorporates the transversely
bisected halves of two Z bands; a more practi-
cal view is to consider a sarcomere as consti-
tuted by each region bracketed by adjacent Z
bands. The construction of cardiac myofibrils
has been actively studied {e.g., 41, but exact
details of structure, particularly the architec-
ture of Z bands and of the “pseudo-H” zones
at the midsection of the myocardial sarcomere,
remain obscure.

In transverse view, cardiac Z bands may dis-
play an assortment of patterns, each known by
a descriptive term: ‘“basket weave,” “large
square,” and “small square.” Combinations of
patterns may be observed in the same trans-
verse Z-band profile (figs. 1-8 and 1-9).
The various appearances may depend on such
factors as tilt of the plane of section (fig. 1-9)
and the level through which the Z band has
been cut [22, 23}. The type of fixation used
may also play a role in the generation of Z-
band patterns in muscle {24]. A system con-
taining both large axial and finer oblique “con-
necting” filaments makes up the Z-band lat-
ticework, which itself is likely a labile
complex, judging from its coexistent variations
in substructure {23}. Z bands of ventricular
(ig. 1-7) and atrial (ig. 1-37) working fibers
differ considerably in appearance; it remains for
intensive study of the sort described above to
be carried out on atrial Z discs.

Under conditions of myofibrillar relaxation,
actin filaments do not project into the central
zone of the sarcomere, the M-band—L-line com-
plex (“pseudo-H zone” {4]). Three alternating
striations, in the longitudinal order of L line/
M band/L line, compose this region (figs. 1-7
and 1-11). The two L lines encompass those
segments of myosin filaments which are neither
connected by myosin—actin crosslinks (such
connections, together with the overlap of actin

and myosin, are the structural basis of the A
band) nor by myosin—myosin crossbridges (the
presence of which contributes to the opacity of
the M band: figs. 1-10 and 1-11). The pres-
ence of M bands is the colophon of the mature
sarcomere; in rat heart, for example, the ap-
pearance of M-band crossbridges begins only
postnatally {25}. In the heart of the guinea
pig, which is virtually fully developed at the
time of birth {26, 27}, M bands are evident by
the eighth week of gestation (unpublished ob-
servations).

The characteristic resting length of sarco-
meres in mammalian ventricular cells is on the
order of 2.2 wm. Approximate values for the
dimensions of the various sarcomere segments
are: Z band, 80—160 nm; I band (each half)
0.35 wm; A band, 1.45-1.65 pwm; M band,

FIGURE 1-9. Rhesus papillary. Stereoscopic pair of micro-
graphs (20° angle of convergence) taken of a transversely
sectioned Z disc. The substructure within the disc is the
product of interdigitation of longitudinal and transverse
filamentous components. The predominant pattern
formed in this disc is that called the “small square” (ex-
emplary region indicated by arrow); in other areas, the
“‘basket-weave” pattern—actually the product of a nega-
tive image formed by the included fibrils—can be dis-
cerned (*). If, however, the latter region of the Z disc is
compared on a “right-eye, left-eye” basis in the individual
micrographs, it can be seen that the basket-weave appar-
ent in the left-hand micrograph is converted into a pat-
tern approaching the small-square configuration in the
right-hand micrograph. Scale bar represents 0.2 pm.

FIGURE 1-10. Detail of figure 1-8. Plane of section
passes through the A band of the myofibrils. At the right,
the six-around-one actin—myosin configuration is seen
(circled), denoting a region located to one side of the
midlevel of the sarcomere. At the left, the substructure of
the pseudo-H zone is revealed; at the edge of the myofi-
bril, naked, roughly triangular myosin filaments appear
(L: L-line level), and toward the center of the myofibril
prominent crossbridges are present between the myosin
filaments, thus indicating passage of the section through
the M band (M) (cf. fig. 1-11). Note the scalloped ap-
pearance of some of the mitochondrial cristae, and the
transversely sectioned microtubules (MT) in the myofi-
brillar interstices. Scale bar represents 0.5 pm.

FIGURE 1-11. Longitudinal section through the pseudo-
H zone of a cardiac myofibril. Short, bare stretches of
myosin filaments constitute the L lines (L), whereas the
myosin segments of the broad central M band (M) are
characterized by thin crossbridges (arrows). Scale bar rep-
resents 0.1 pwm.
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70-90 nm; L lines, 10~20 nm. The contribu-
tion of each actin filament to the individual
sarcomere is 1.25 wm or less (much of the ac-
tin filament being obscured in the relaxed sat-
comere because of its overlap with myosin
within the A band). It is not yet clear whether
actin filaments traverse the Z band, form—or
fuse with—other, thicker filament segments,
or terminate in some fashion inside the Z lat-
tice {5}.

Adjacent myocardial myofibrils seldom
achieve side-to-side sarcomeric register (figs.
1-1, 1-7, and 1-36), and for this reason thin
transverse sections of cells are found which cap-
ture examples of basic levels of the sarcomere
(fig. 1-8). Misalignment of myofibrils is re-
lated to the uneven contours of the intercalated
discs at the myocardial cell tips (figs. 1-1,
1-27, and 1-37). Given that the point of each
sarcomere’s insertion into the intercalated disc
occurs at the level at which the Z bands would
be formed (figs. 1-1 and 1-27), and consider-
ing the varying lengths of excursions of the in-
tercalated disc, the skewed alignment of adja-
cent myofibrils naturally follows (though the
degree of individual myofibrillar growth ob-
viously is involved as well).

The early formation of the myofibrils during
embryony appears to influence the formation of
segmented portions of sarcoplasmic reticulum,
as well as the orientation of the transversely ar-
ranged components of the T-axial tubular sys-
tem (TATS: see Transverse-axial tubular system).
The Z band of the sarcomere seemingly dictates
the positioning of certain myocardial cell com-
ponents, among them T tubules, junctional SR
saccules, “Z tubules” of SR, and intermediate
filaments, most examples of which gravitate
so as to be aligned parallel to the Z disc (figs.
1-14, 1-15, 1-20 to 1-22, and 1-26). Be-
cause of this preferential orientation of many
cell structures, there is exclusion by them of
other organelles such as mitochondria (figs.
1-1, 1-7, and 1-19), which ordinarily do not
occupy the regions which constitute the “Z-
level myoplasm” {28].

Microtubules.  Microtubules are, in the major-
ity of cells, the premier element of the cytoskel-
etal system. In the highly organized cardiac
muscle cell, the system of myofibrils, whose

own elements are closely packed, oriented in
predominantly longitudinal array, and securely
anchored in the substance of the intercalated
disc, there seems minimal need for an orga-
nized intracellular framework. Despite this
seemingly logical conclusion, several studies
have already demonstrated the presence of nu-
merous microtubules in heart cells {e.g., 8,
29, 30}. Cardiac microtubules run largely in
the longitudinal axis of the cell, are particu-
larly concentrated about the nucleus (fig. 1-13),
and also appear between the myofibrils—espe-
cially near mitochondria—and at the cell pe-
riphery (fig. 1-13). Goldstein and Entman
[301 report, further, that microtubules in dog
heart wind in helical patterns about the nuclei
and myofibrils; this may account for the find-
ing of some nearly transversely oriented micro-
tubules near the I- or Z-band levels of heart
(figs. 1-12 and 1-24; also see Forbes and Sper-
elakis {8, 28]). Microtubules in heart muscle
range from 24 to 30 nm in diameter and may
achieve lengths of several micrometers (fig.
1-12).

Intermediate (10-nm) Filaments. These fibrils,
so named because of their diameters (range of
ca. 7-11 nm, average of ca. 10 nm), which are
roughly intermediate between the diameters of
actin and myosin, are the second major cyto-
skeletal component of most cells. Their contri-
bution to the myocardial cytoskeleton occurs
primarily in the transverse plane of the cell,
and most particularly at the Z-band level (figs.
1-14 and 1-15) {8, 28, 29, 31}. Such fila-
ments may be attached to the inner sarcolem-
mal surface and to the nuclear membrane {291,
thus contributing in substantial part to a series
of parallel strata which apparently confer rigid-
ity in the transverse axis to myocardial cells [8,
28}. Particularly in rodents, bundles of inter-
mediate filaments encircle the myofibrils (fig.
1-15) and may contain upward of 50 filaments.
The incidence of intermediate filaments seems
considerably lower in carnivore and primate
hearts than is the case in rodent heart. In thin
sections, intermediate filaments are seldom en-
countered in substantial quantities along the
longitudinal axis of the main body of the myo-
cardial cell, a finding confirmed by immuno-
logic observations {32, 33}. When found,
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small numbers of longitudinal intermediate fil-
aments appear at the cell periphery and in myo-
fibrillar interstices (fig. 1-35). The intercalated
disc is a prominent site at which intermediate
filaments are found, specifically inserted into

the intracellular plaques of desmosomes (figs.
1-16 and 1-29).

MITOCHONDRIA
These organelles are the second most populous
constituent of ventricular myocardial cells
(myofibrils forming the greatest portion [5]).
The typical locations for mitochondria are the
myoplasmic spaces, where they form longitu-
dinal columns among the myofibrils (figs. 1-1,
1-2, 1-7, 1-8, 1-19, 1-22, and 1-27), in
the subsarcolemmal spaces, and in the myo-
plasm leading away from the nucleus (figs. 1-17
and 1-32). Speculation has been offered that
the intermyofibrillar mitochondria constitute a
population which in functional nature is differ-
ent from the subsarcolemmal collection of mi-
tochondria [34-36]. Subsarcolemmal mito-
chondria have the singular quality, in a variety
of mammalian myocardial cells, of forming
“tailored” appositions with gap junctions {37].
Such complexes frequently incorporate connect-
ing strands that seem to form an adhesive bond
between the juxtaposed structures; this seem-
ingly specific attachment may be related to reg-
ulation of {Ca™ ¥}, in the immediate vicinities
of gap junctions, which in turn may affect the
electrochemical functioning of such junctions
{38, 391

Mitochondria in conventionally preserved
heart cells, even though they assume orthodox
(metabolically inactive) configurations, never-
theless exhibit a number of variations in inter-
nal pattern, e.g., the rather densely packed,
shelflike cristae of mouse ventricle (figs. 1-14
and 1-27) and the elaborate scalloped cristae of
cat {40}, dog (fig. 1-19), and monkey (figs. 1-7
and 1-13). Rarely are mitochondria of working
myocardial cells small or poorly endowed with
internal membranes. In fact, in apparently nor-
mal cells, mitochondria may assume propor-
tions that are truly gigantic, though giant mi-
tochondria also may be symptomatic of
pathology [41].

Mitochondria in cells of the mammalian
AVCS can vary widely in size, even within the

same cells, and sometimes are small and poorly
supplied with cristae (figs. 1-39, 1-42 to
1-44, and 1-46).

NUCLEI

As mentioned in the section on Cell shape and
size, multinucleate cells are the rule rather than
the exception in mammalian ventricular cells.
Binuclearity attains the majority (70%) by the
end of the first postnatal week of life in the
mouse {42}, and in the rat 85% of muscle cells
are binucleate in the adult [21]}. Swine heart
[43] and human heart {44} both achieve a high
degree of binuclearity and polynuclearity, with
as many as 22 nuclei observed in single myo-
cardial cells of the pig [431. The presence of
multiple nuclei is likely the result of the per-
sistence of karyokinesis, past the neonatal state,
without the accompaniment of cytokinesis.
This conclusion is supported by the discovery
of single tetraploid nuclei in cells of neonatal
mouse {42]. Complete mitosis ceases early in
the postnatal life of the mammal [e.g., 451,
and in adults only atrial cells display any abil-
ity to divide {46]. It seems likely that the de-
velopment of a stratified, oriented internal ar-
chitecture is partly responsible for the
inhibition of cytokinesis in ventricular muscle
cells {e.g., 471, though additional structural
pecularities of the myocardial cell may be in-
volved (see Centrioles).

Myocardial nuclei generally are fusiform
(figs. 1-1 and 1-18) and conform to the overall
longitudinal arrangement of other major organ-
elles (particularly myofibrils and mitochon-
dria). Numerous infoldings and identations may
be present in nuclear envelopes (iig. 1-18).
The elongate form of the nucleus may be con-
trolled not only by the presence of surrounding
myofibrils, but also by the microtubules which
envelop them {29, 30}. The lateral insertion
and/or attachment of intermediate filaments
[291 may be the agent responsible for the nu-
clear crenations which develop upon contrac-
tion of the myocardial cell [48].

Myocardial nuclei may be located in periph-
eral or interior positions within the myoplasm
(hgs. 1-1, 1-7, 1-8, 1-13, and 1-19). Each
nuclear pole has associated with it a conical
myoplasmic region in which there appear Golgi
saccules, centrioles (when present), mitochon-
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FIGURE 1-12. Mouse ventricular myocardial cell. Microtubules (MT) run both longitudinally and obliquely in this field,
the individual tubules tending to bend over the level of the I band. Scale bar represents 0.2 wm.

FIGURE 1-13. Rhesus monkey papillary muscle. Cross sections of microtubules (arrows) can be found near the border of
the nucleus (N), as well as in the myoplasm between the myofibrils, and thus often are located adjacent to mitochondria.
Scale bar represents 0.5 pm.
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FIGURE 1-14. Longitudinally sectioned cell of mouse ventricular wall. Intermediate filaments (F) appear in groups
adjacent to the Z bands of the myofibrils. The transverse section of a “Z tubule” of sarcoplasmic reticulum (ZT) is also
present in the Z-level myoplasm. Scale bar represents 0.5 pm.

FIGURE 1-15. Transverse section of mouse ventricular myocardial cell. A Z disc is partially encircled by bundles of
intermediate filaments (F). Z tubules (ZT) adhere closely to the surface of the myofibril. Scale bar represents 0.5 pm.

FIGURE 1-16. Mouse ventricle. Intercalated disc formed between two apposed cell tips. Webworks of intermediate
filaments (F) are closely associated with the intracellular plaques of desmosomes (D). Note the termination of actin
filaments in the opaque substance of the fasciae adherentes junctions (FA). Scale bar represents 0.5 pm.
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dria, rough and smooth endoplasmic (sarco-
plasmic) reticulum, and a variety of lysosomes
(including lipofuscin) (fig. 1-17). Within in-
dividual cells examined in the same sample,
the regions of “nuclear pole myoplasm” may
range from being quite limited to occupying
extensive volume (fig. 1-32).

The surfaces of myocardial nuclei possess nu-
merous rounded depressions (“pores”) (fig. 1-18)
at whose peripheries the outer and inner nu-
clear membranes fuse, and across which amor-
phous “diaphragms” extend.

MEMBRANE SYSTEMS

Surface Sarcolemma and Caveolse. The unit
membrane which encloses the myocardial cell
is usually referred to as the sarcolemma. The fact
that there exist numerous folds, invaginations,
and inpocketings of the sarcolemma has neces-
sitated its terminological subdivision into: (1)
the surface ot peripheral sarcolemma, that portion
composing the large planar portions of the
myocardial cell surface; (b) the interior sarco-
lemma, more commonly known as transverse (T)
tubules or as the transverse-axial tubular system
(TATS {8]; see the following section); and (c)
caveolae, membrane-bounded vesicular struc-
tures which project inward from the cell sur-
face, retaining luminal continuity with the ex-
tracellular fluid. The intercalated discs, which
comprise sarcolemmal regions containing spe-
cialized junctions and which are located at and
near the cell ends, are considered separately (see
Intermembranous junctions).

The majority of the surface sarcolemma is in-
vested with a glycoproteinaceous covering, the
least committal term for which is the surface
coat (also referred to as “glycocalyx” and “basal
lamina”). The surface coat is indistinct and
largely amorphous in most electron-micro-
scopic preparations (figs. 1-7, 1-19, 1-33,
and 1-35). It is continuous over the mouths of
caveolae, but does not appear to fill the caveo-
lar lumina (fig. 1-35). In regions of close cell-
to-cell apposition (e.g., the intercalated discs),
the surface coat thins or disappears altogether.
The surface coat has been thought to function
in the trapping of certain ions, notably Ca**
{491, but the contribution of this particular ex-

+ . .
ternal Ca’" pool to the process of excitation—

contraction coupling may not be especially sig-
nificant {50}.

Caveolae bestow significant amounts of sur-
face area to myocardial cells {51, 52}, particu-
larly to those cells which lack a TATS [53,
54}. The evidence now available suggests
strongly that proliferation of caveolae, from the
surface of the muscle cell toward its interior, is
the means whereby the TATS is formed in the
course of myocardial development {8, 26, 55,
561.

Transverse-Axial Tubular System (TATS). The
myocardial cells of mammals are essentially
unique among vertebrates in their possession of
extensive invaginations conventionally referred
to as transverse (T) tubules. Even in mammals,
all cardiac muscle cells do not form T tubules;
for example, certain atrial cells of the rat heart
{53}, all atrial myocardial cells of guinea pig
{571, and many elements of the atrioventricular
conducting system lack them. Where “T” tu-
bules are found, they often are accompanied by
longitudinally oriented (axial) tubules {8, 57,
581. The interconnection in myocardial cells of
transversely and axially oriented tubules has
produced the concept of a “transverse-axial tu-
bular system” or TATS [6, 8, 57]. The con-
stituents of the TATS vary considerably among
mammals. The tubules of mouse heart are char-
acterized by small diameters and irregular pro-
files (ig. 1-20); on the other hand, the TATS
of guinea pig and monkey hearts (for example)
is a collection of large-diameter tubules which
often anastomose in rather regular latticeworks
(fig. 1-21) that pervade the entire ventricular
cell {6, 8, 571.

The points of invagination of the transverse
members of the TATS usually form at or near
the successive sarcolemmal levels nearest the Z
lines of the outermost myofibrils, and quite
regular arrays of T-tubule openings are fre-
quently apparent (figs. 1-19 to 1-21). Even if
a T tubule does not originate squarely across
from a Z line, it usually veers into a configu-
ration so as to become aligned with the Z-line
myoplasm {8, 28} (figs. 1-20 and 1-21). As
mentioned in the preceding section, the vecto-
rial proliferation of caveolar elements from the
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FIGURE 1-17. Right ventricular wall of dog heart. This field, from a longitudinally sectioned myocardial cell, demon-
strates typical contents of the “nuclear pole myoplasm,” which extends longitudinally from the nuclear tips. A large
lipofuscin body (Lf) dominates the field. Numerous mitochondria, which display dense granules and a variety of crystal
configurations, also are packed into this myoplasmic compartment. The Golgi apparatus (GA) in this cell is a simple
stack of saccules closely apposed to the nuclear envelope (NE). Scale bar represents 1 pum.

FIGURE 1-18. Stereo micrographs which demonstrate the surface contours of a nucleus in mouse ventricular myocardium
(stereo angle 20°). Numerous nuclear pores (NP) are distributed rather evenly in the nuclear membrane. Creases and
folds also characterize the nuclear surface. Scale bar represents 1 pm.
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sarcolemma, as well as from the caveolar chains
themselves, is likely the mechanism by which
the TATS comes to exist. Profiles of the TATS
in mouse heart very often reflect its caveolar
origin (fig. 1-20; also see Forbes and Sperelakis
[8, 591, and in addition caveolae are promi-
nent along fully formed tubules (fig. 1-21).
The significance of this latter finding is un-
clear, but it may indicate that the process of
caveolation continues to a limited degree in the
adult heart cell and can be called upon condi-
tions such as cardiac hypertrophy which neces-
sitate additional growth of the TATS. In both
neonatal and adult hearts, the caveolae directly
connected to the surface sarcolemma are seldom
found as individual entities, but instead form
alveolar collections of 3—5 fused caveolae; these
have been found on occasion to form couplings
with saccules of peripheral junctional SR [59].

The larger examples of TATS elements are
lined with surface-coat material (fig. 1-19),
and it is likely that many of the smaller, more
“primitive” transverse and axial tubules, such
as those of mouse heart, are also coated [8}. A
great deal of polymorphism is evident when
comparing the TATSs of various mammals; av-
erage diameters of the tubules can range from
ca. 50 to 500 nm (see the summary in Forbes
and Sperelakis {81), various cardiac muscle cells
of mouse, rat, and shrew providing the lower
values, and ventricular cells of guinea pig {571,
seal {601, and golden hamster {61} achieving
values at the upper end of the scale. The use of
electron-opaque “‘tracer” materials such as col-
loidal lanthanum hydroxide, horseradish per-
oxidase-diaminobenzidine-H,0O, reaction prod-
uct, and the precipitate formed by postfixation
in ferrocyanide-reduced osmium tetroxide
(OsFeCN) has been vital in achieving appreci-
ation of the form and extent of development of
the TATS in the mammalian heart (see Forbes
and Sperelakis {8} for furrher discussion).

The contribution of the TATS to myocardial
cells is considerably greater than that of the
skeletal muscle T system. If the function of the
cardiac TATS is primarily to bestow optimum
surface—volume ratio to each muscle cell, there
would seem to be some physiologic disparity,
since skeletal myocytes possess far greater vol-
umes (though the constitution of the TATS

elements may be considerably different between
the two types of muscle {5]). Substantial addi-
tional surface area is conferred to myocardial
cells by caveolae, whether joined to the surface
sarcolemma or to the TATS, or participating in
extensive three-dimensional tubulovesicular ar-
rays (“labyrinths”) found in mouse {8, 55, 56,
58, 62} and shrew hearts {8}. The development
of a TATS is not directly attributable to the
attainment of a certain cell diameter; it has
been shown that large (30-50 wm diameter)
conducting system muscle cells lack a TATS
[e.g., 51 and that T-tubule development in
dog is initiated in cells of the left ventricle,
which are of smaller average diameter than
their counterparts in the right ventricle {63].
It has been suggested [5] that the TATS is an
accommodative feature of these myocardial cells
which are capable of undergoing hypertrophy,
since cells of the AVCS lack a TATS and do
not undergo enlargement. The fact remains
that regions of excitable membrane and extra-
cellular fluid are provided to all levels of the
myocardial cells which contain a TATS {6},
thus potentially optimizing the conditions and
processes which result in excitation—contraction
coupling.

The TATS is the final system to develop in
myocardial cells, and under culture conditions
may not develop at all {64]. The majority of
mammalian hearts have not achieved TATS de-
velopment by the time of birth, but the pre-
cocity of some species has been documented
(e.g., the guinea pig {26, 271). It has been
pointed out, however, that for different species
the stages during which the TATS begins de-
velopment are the same, i.e., the heart of
guinea pig and rat are equivalent in structural
development when T tubules form, even
though, in the two species, these stages occur,
respectively, at the eighth week of gestation
and 1-2 weeks postnatally {27].

Sarcoplasmic Reticulum. The equivalent of en-
doplasmic reticulum in muscle cells, sarco-
plasmic reticulum (SR), exists in heart muscle in
a variety of configurations which are structur-
ally distinct, yet contiguous. The bulk of the
SR is made up of the “network” SR (N-SR),
which appears in the form of meshworks which
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FIGURE 1-19. Ventricular myocardial cells from dog right ventricular wall. The sarcolemma of the right-hand cell forms
three T tubules (TT) oriented in register with Z bands of the nearest myofibrils. The substance of the myocardial surface
coat (SC) can be seen both in association with the surface sarcolemma and within the T tubules’ lumina. Three categories
of sarcoplasmic reticulum can be discerned: network SR (N-SR) on the face of one myofibril; junctional SR (J-SR),
flattened saccules apposed to the T tubules; and corbular SR (C-SR) (cf. figs. 1-7 and 1-26). Note mitochondria, either
arranged in intermyofibrillar row or located just beneath the surface sarcolemma. Scale bar represents 0.5 pwm.
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1. ULTRASTRUCTURE OF MAMMALIAN CARDIAC MUSCLE

are closely applied to the myofibrillar surfaces
(figs. 1-22 and 1-23). Specialization and seg-
mentation of the N-SR according to the pat-
tern of the underlying sarcomeres is commonly
observed (figs. 1-22 and 1-23); in particular,
closely packed tubules may anastomose over the
central regions of A bands to form fenestrated
collars {65}, and “Z tubules” of SR encircle the
myofibrils at their Z-line levels in the mouse
and other mammals {e.g., 8, 28} (figs. 1-14
and 1-15). Recently, distended regions of N-
SR have been described {8, 66, 671. Such “cis-
ternal” SR is not limited in incidence to any
particular level of the sarcomere, and can thus
be readily distinguished from “extended junc-
tional” SR (see below), which is formed pri-
marily at the Z-line level.

The second major division of myocardial SR
comprises the various categories of “junctional”
SR (J-SR), the most noticeable examples of
which form couplings (figs. 1-19 and 1-23 to
1-25). Myocardial couplings have often been
called “triads” (two elements of J-SR com-
plexed with a single T tubule), the term being
derived from the study of skeletal muscle ultra-
structure. Although the derivative “diad”

FIGURE 1-20. Mouse ventricle. “Semithin” (ca. 1 pm
thick) longitudinal section (stereo separation of 12°) of
tissue whose system of extracellular spaces has been infil-
trated with opaque material by means of postfixation in
ferrocyanide-reduced osmium tetroxide (OsFeCN). Al-
though many transversely oriented tubular structures are
present (TT), numerous longitudinal and oblique tubules
(collectively known as “axial” tubules: AxT) can be seen
which frequently form connections between transverse tu-
bules. “Beaded” segment profiles can be discerned (ex-
amples shown at arrows), the presence of which implies
origin of the tubules from the proliferation of caveolar
elements. The irregular contours, dilatations, and branch-
ing are typical of the mouse TATS. Scale bar represents 2
pwm.

FIGURE 1-21. A 2-pm-thick section of OsFeCN-infil-
trated T-axial tubular system (TATS) of rhesus monkey
papillary muscle cell. The continuity of some T tubules
with the surface sarcolemma is clearly shown (arrows).
Deeper in the cell, transverse tubules are anastomosed
with truly axial tubules (at the left), and toward the right
half of the micrograph, obliquely oriented “axial” seg-
ments (*) connect T tubules oriented along Z lines of out-
of-register myofibrils. The small opaque dots which de:-
orate the TATS along much of its profile are caveolae (C).
Scale bar represents 2 pm.
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which describes the apposition of a single J-SR
element with the sarcolemma (see fig. 1-25)—
seems adequate, the use of “‘triad” has been vi-
tiated by the finding of numerous couplings (in
the mouse, for example {8, 58}) which incor-
porate widely varying configurations, including
circles of J-SR around TATS elements, “re-
versed triads” in which two TATS profiles flank
a single J-SR saccule, S-shaped entwinements
of J-SR and the TATS, and other formation.

Viewed en face, junctional SR saccules ap-
pear as roughly discoidal or oblong expansions
into which N-SR tubules lead (figs. 1-23 and
1-24). In sagittal section (side view, so to
speak), the J-SR is flattened in the vertical
plane relative to the associated tubules of N-SR
(in contrast to the situation in skeletal muscle,
in which each example of the J-SR [“terminal
cisterna”} is substantially distended). In the
vertical plane of section, the two hallmarks of
cardiac J-SR are apparent. These are: (a) the
intrasaccular junctional granules, which fall into
a somewhat linear array along the length of the
J-SR (fig. 1-25); and (b) the junctional processes,
which are represented by a variety of amor-
phous and membranelike profiies (fig. 1-25).
The subject of junctional process structure in
muscle (skeletal, cardiac, and smooth muscle
cells inclusive) has recently received intense at-
tention, which has now led to the description
in the junctional gap of “pillars” {59, 68—701,
which are thin bodies which exist in apparent
continuity with the unit membranes of the J-
SR and sarcolemma (or, in addition, the T-ax-
ial tubules, in the case of striated and cardiac
myocytes). The elucidation of pillars among
the population of junctional processes has been
fomented by such techniques as membrane in-
tensification by tannic acid mordanting {68,
71} or en bloc staining with uranyl acetate so-
lution combined with stereoscopic analysis
[591. In the latter instance, it appears that even
small degrees of tilt of the plane of section with
respect to the incident electron beam are suffi-
cient to resolve quasi-membranous bodies in
spaces where before in the junctional gap there
ippeared only amorphous substance [59}.

The spatial configuration of myocardial junc-
tional processes remains unresolved. Modifica-
tions of freeze-fracture technology which have



FIGURE 1-22. Stereoscopic micrograph pair (12° stereo angle) of mouse ventricular tissue treated in such a manner that
OsFeCN postfixation results in opacification of the sarcoplasmic reticulum (SR). In this semithin (ca. 0.3 wm) section,
extensive arrays of SR are superimposed on the faces of myofibrils. Although the SR is continuous across the Z lines, it
nevertheless forms a similar segmented pattern over each sarcomere. Over the A bands, most elements of network SR
(N-SR) are found in the form of closely packed, parallel longitudinal tubules which mass in perforated retes (“fenestrated
collars”: arrows) over the M-band level. Over the I bands, a looser meshwork of SR tubules appears. Such a pattern is
typical of deep regions of the mouse myocardial cell (cf. fig. 1-23). Scale bar represents 1 pm.

FIGURE 1-23. Tissue same as figure 1-22. The section passes close to the surface of an SR-stained cell (note caveolae,
C), where the loose-mesh N-SR configuration tends to dominate, the tubules anastomosing with expanded areas of
junctional SR (in this case, “peripheral” J-SR, PJ-SR). Corbular SR (C-SR) also appears over a Z line. Scale bar represents
0.5 pm.
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FIGURE 1-24. Thin section, grazing surface of myocardial cell from vervet right ventricular wall. Note caveolae (C)
interspersed with meshes of network SR (N-SR) (cf. fig. 1-23). In this conventionally stained tissue, the greater opacity
(relative to the N-SR) of the contents of the junctional SR saccule (PJ-SR) can be readily appreciated; this results in part
from the presence of junctional granules and processes. The undulating profile of a microtubule (MT), oriented trans-
versely across a myofibrillar face (Z, Z band), appears at lower left. Scale bar represents 0.5 pm.

FIGURE 1-25. Mouse ventricle. High magnification of peripheral J-SR saccule, showing its connection with N-SR
tubule, here studded with ribosomes (R). Salient J-SR features are present, including the intrasaccular junctional granules
(JG) and the junctional processes in the gap between the J-SR and surface sarcolemma. Some processes (“pillars”: between
arrows) appear to join the apposed membranes, and themselves appear membranelike. Scale bar represents 0.1 pwm.

FIGURE 1-26. Mouse ventricle. At the Z-line level, several examples of corbular SR (C-SR) are found, fused with N-SR
tubules. Opaque contents and surface-connected projections, some membranelike (arrows), characterize these spherules
of “‘extended junctional SR.” Scale bar represents 0.1 pum.
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demonstrated junctional processes of skeletal J-
SR {72} have not yet been successfully applied
to cardiac muscle. In addition, thin-section
analysis is made difficult by the superposition
of the various layers of the coupling (see dis-
cussions in Forbes and Sperelakis {8, 731).
Nevertheless it has been deemed likely that
junctional processes of cardiac muscle, like
those of skeletal muscle, are disposed in rows
5, 7L

Additional forms of junctional SR have been
described in heart, all of which anastomose
with N-SR, contain electron-opaque granules,
and bear external projections which resemble
junctional processes, but which do not come
into apposition with the sarcolemma or TATS.
The overall classification for these bodies is “‘ex-
tended junctional SR” (EJ-SR) {5, 7, 8, 74]. A
commonly encountered variety of EJ-SR is cor-
bular SR (“‘coated SR” {4]), 80- to 120-nm
spherules which appear to bud from the N-SR
or exist in vesicular chains, usually near the Z
lines (figs. 1-7, 1-26, 1-40). Corbular SR ap-
pears with widely varying frequency among
different species and between different regions
of the myocardium, and when found may exist
singly, in small groups, or in clusters contain-
ing 5—10 vesicles.

Cisternal or saccular expansions of the SR
have now been described in mouse heart {8};
these lie in deeper myoplasmic regions and are
positioned over Z lines. They resemble nothing
so much as J-SR components of interior cou-
plings which have formed in the absence of
contact with the TATS, a phenomenon first de-
scribed in avian heart {74].

Additional variations of myocardial SR
structure have been noted, including prolifera-
tions of J-SR {e.g., 751 and of N-SR {8}, as
well as dense-cored segments of the N-SR {8}.

Enzymes and other proteins associated with
cardiac SR are likely involved primarily in the
sequestration and release of Ca”* ion, and the
pillarlike structures within couplings may be
electromechanical devices whereby the action
potential or other signals are relayed to the J-
SR, thence to the rest of the internal SR mem-
brane system which envelops the myofibrils
[e.g., 59, 701.

During myocardial development, couplings

first appear at the cell periphery, but as the
TATS forms, increasing numbers of interior
couplings arise, to the degree that the latter
preponderate by far in adult heart {76, 77].
The mechanism(s) by which couplings are
formed may be related to an inductive effect
derived from sarcolemma—SR contact; however,
in consideration of the presence of EJ-SR, other
influences—such as that of the Z lines and as-
sociated myoplasm {28}—should be consid-
ered.

INTERMEMBRANOUS JUNCTIONS:
INTERCALATED DISCS

Myocardial cells are joined to one another by
numerous intermembranous junctions, most of
which are collected into adhesive complexes
known as intercalated discs. These complexes in-
corporate that sarcolemma which borders the
ends of the cells, as well as additional, variable
expanses of lateral sarcolemma near the cell
ends (figs. 1-1 and 1-27). The sarcolemma of
the intercalated disc is divided into four struc-
tural areas, those occupied by: (a) fasciae adber-
entes (“intermediate” junctions), (b) maculae ad-
berentes (desmosomes), (c) maculae communicantes
(gap junctions, nexuses), and (d) unspecialized
or “general” sarcolemma [78].

For the most part, fasciae adberentes are re-
gions in which the myofibrils terminate, the
actin filaments apparently anchoring in the
vague, opaque substance underneath the sarco-
lemma (figs. 1-16 and 1-27). Structured ma-
terial is sometimes found in the intercellular
gap of the fascia adberens {3], but at best this
extracellular material does not approach the
complexity of the central lamella of desmo-
somes, a structure which may to a large degree
be the basis of adhesion between adjacent myo-
cardial cells [79}. Desmosomes are character-
ized additionally by discrete collections of
opaque subsarcolemmal material (“plaques”)
which face one another across the intercellular
space and are matched in length in each of the
apposed cells (fig. 1-29). The central lamella
appears to receive filamentous projections from
the sarcolemma; it has been proposed that dif-
ferent linking proteins are present between in-
termediate filaments and the intracellular por-
tions of the desmosome [80}. The third
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junctional category, gap junctions, as well may
be instrumental in cell-to-cell connection, both
in mechanical and in electrical terms. In the
mechanical sense, the integrity of the gap junc-
tion has been shown to be resistant both to
pathologic conditions {81} and to processes
which attempt by enzymatic and/or ionic
means to separate the cells {82}; such findings
necessarily ascribe to the gap junction some
measure of adhesion. The more generally ac-
claimed function of gap junctions, particularly
those of myocardium, is one of electrical com-
munications via fluid-filled channels which may
exist in continuity with the myoplasm of both
connected cells. The intercalated disc is a
patchwork of the three types of junction, which
are interspersed with areas of general sarco-
lemma that bear no intra- or extracellular
adornments (figs. 1-27 to 1-29 and 1-31).
The contours of intercalated discs can be both
species-specific—and  also  region-specific—
within the same heart. Among mammalian
ventricles, the discs in rodent heart exhibit a
“wavy” pattern because of the presence of ex-
tensive, fingerlike longitudinal excursions and
incursions (fig. 1-27). On the other hand, the
tips of carnivore and primate ventricular cells
are far more geometric in contour; wide expan-
ses of the intercalated discs in such hearts are
truly discoidal (figs. 1-1 and 1-28), and the
longitudinal deviations are rectangular in pro-
file, thus creating the classic “steplike” appeat-
ance of the intercalated disc (fig. 1-1). Inter-
calated discs of atrial and conductive cells
incorporate a great deal of longitudinal sarco-
lemma (figs. 1-37, 1-39, and 1-42), and the
disc segments are much less tightly corrugated
than is usually the case in working ventricular
muscle cells (fig. 1-28).

The interdigitation of the various junctional
categories is largely the product of the posi-
tions taken by the myofibrils, which specifi-
cally terminate in the fasciae adberentes (fig.
1-27). Therefore the majority of the trans-
versely oriented sarcolemma—as well as some
of the longitudinal component—of the disc is
immutably occupied. Desmosomes and gap
junctions therefore are relegated for the most
part to the longitudinal folds, and only second-
arily appear in the limited available sarco-

lemma in the intermyofibrillar spaces of the
transverse component of the intercalated disc
(figs. 1-27 to 1-30). Perhaps because of their
greater investment in lateral sarcolemma, the
ventricular cells of mouse and guinea pig ex-
hibit gap junctions which are quite extensive
{831; this possible interspecies disparity in to-
tal contribution of gap junction membrane is
deserving of morphometric study, in view of
the controversy which remains concerning the
electric properties of myocardial intercalated
discs {e.g., 84}1.

Freeze-fracture replication and extracellular
tracer techniques have both led to a better un-
derstanding of gap junctions, collectively re-
vealing the distribution of subunits (“connex-
ons”) in hexagonally packed aggregates (at least
in conventionally prepared tissue: see Raviola
et al. [85]) and the central dot [86} within
each connection (figs. 1-30 and 1-31), which
cavity may be the basis of cell-to-cell ionic
communication. Gap junctions, desmosomes,
and, to a lesser degree, fasciae adberentes, are
recognizable in freeze-fracture replicas which
afford a two dimensional view of the distribu-
tion and extent of such junctions (fig. 1-31).

As pointed out in the section on Intermediate
(10-nm) Filaments, myocardial desmosomes are
frequently associated with intermediate fila-
ments. As stated above, the specific intracellu-
lar associate of the fascia adberens junction is the
myofibril. We have recently demonstrated
[371, furthermore, that there may be gravita-
tion of subsarcolemmal mitochondria to myo-
cardial gap junctions (see Mitochondria).

OTHER ORGANELLES

Golgi  Apparatus and  Associated  Structures.
Stacks of flattened, fenestrated sacs form the
major portion of Golgi apparati. Each Golgi
apparatus may be limited, in the heart, to a
few saccules which lie against the tips of nuclei
(fig. 1-17)—this is often the case in ventricu-
lar fibers—or may comprise, in a single cell,
numerous sets of lamellae throughout the nu-
clear pole myoplasm (fig. 1-32). This latter
configuration is especially characteristic of
atrial myocytes. An additional feature of the
atrial Golgi apparati is their generation of atrial



FIGURE 1-27. Longitudinal thin section through intercalated disc (ID) of mouse ventricular wall. The actin filaments of
the subjacent myofibrils terminate in the opaque intracellular material of the fascize adberentes junctions (FA). The
transverse portions of the intercalated disc thus substitute at these sarcomere levels for Z lines. Extensive, longitudinally
aligned stretches of cell-to-cell appositions are common in hearts of rodents such as mouse and guinea pig, and these are
the sarcolemmal sites at which desmosomes (D) and gap junctions (GJ) typically appear. Scale bar represents 1 wm.

FIGURE 1-28. Transverse section of intercalated disc in dog ventricular myocardium. In working ventricular cells of
carnivores and primates, the intercellular attachments form transverse planar arrays (cf. fig. 1-1) which in fact are
disclike, and thus large expanses may be captured in a single transverse section (cf. fig. 1-4). As in the case of rodent
heart (fig. 1-27), the longitudinal disc surfaces are the primary repository of desmosomes and gap junctions. An exten-
sive gap junction (GJ) is present, in addition to a circular profile of gap junction membrane (C-GJ). Scale bar represents
1 pm.
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specific granules, opaque spheroidal bodies
which have been extensively investigated and
found to comprise several morphologic subcate-
gories, to contain both carbohydrate and pro-
tein moieties, but not to consist of catechol-
amines f{e.g., 87]. Specific granules of one
subcategory or another are found throughout
atrial cells (fig. 1-36), but are particularly con-
centrated in the nuclear pole myoplasm.

Associated with the Golgi apparatus in all
cardiac cells are numerous vesicles of various
sizes and appearances, including large and
small pleiomorphic dense-cored bodies (fig.
1-32) and small clear-cored coated vesicles (fig.
1-32). Short segments of rough endoplasmic
reticulum and of smooth-surfaced (sarco-
plasmic) reticulum are frequent occupants of
the nuclear pole cytoplasm, and thus can be
found in apparent association with the Golgi
region; it is not yet clear, however, what con-
fluency may exist between the membranes of
the Golgi and the ER or SR [88].

Centrioles.  When found, centrioles are located
in the nuclear pole myoplasm, often in the vi-
cinity of the Golgi apparatus. There are few
published micrographs of centrioles in the ven-
tricular cells of adult mammalian heart; how-
ever, centrioles are often discernible in atrial
cells. It has been historically difficult to explain
the exact function of centrioles, since they are
not the intrinsic point from which microtu-
bules become assembled to form the mitotic
spindle. The paucity of centrioles in ventricular
myocytes has been attributed to the low prob-
ability of encountering, in thin sections, these
small, presumably paired bodies within large
volumes of myoplasm {40}. In view of the
great frequency with which centrioles are en-
countered in developing ventricular myocytes
of guinea pig and mouse (unpublished obser-
vations), an alternative—though speculative—
explanation comes to mind, namely, that cen-
trioles degenerate and disappear as a conse-
quence of the completion of development of
ventricular cells, which lose their cytokinetic
competence in the adult heart (see Nucles).

Coated Vesicles. A variety of different vesicular
structures appears in heart cells. As noted

above (Golgi apparatus and associated structures),
small coated vesicles are characteristically asso-
ciated with the Golgi apparatus, and may ex-
ist—in the static thin section—either free in
the myoplasm or fused with a Golgi saccule
(fig. 1-32), indicating the participation of such
vesicles in a dynamic process. Larger coated
vesicles are present in small numbers through-
out myocardial cells (igs. 1-33 to 1-35); nei-
ther their origin nor function has yet been ex-
plained. The vesicles may be found fused with
the sarcolemma (fig. 1-33) or TATS, or free in
the myoplasm (figs. 1-34 and 1-35).

Lysosomes and Other Inclusions. The incidence of
lysosomes per se is quite low in heart {51, but
membrane-bounded lipofuscin bodies (fig.
1-17) (also known collectively as “aging pig-
ment”) become increasingly common in the
nuclear pole myoplasm as the animal grows
older [89}. Lipofuscin is likely a form of resid-
ual body, the product of lysosomal engulfment
and degradation of other organelles, most
likely mitochondria {4, 5]. Multivesicular bod-
ies are found on occasion, and these have been
likened to lysosomes {4].

Lipid bodies and peroxisomes (microbodies)
have been noted in myocardial intermyofibrillar
and subsarcolemmal spaces, and can be distin-
guished cytochemically from one another. Per-
oxisomes, in addition to their reaction with
diaminobenzidine and H,O,, also are character-
ized by their positions at the A-I levels of the
sarcomeres {90}.

Glycogen particles occur with varying fre-
quency in myocardial cells; B particles are
more prominent in slower-beating hearts (such
as those of cat and dog) than in fast-beating
myocardia such as that of the mouse. Glycogen
granules grouped together to form o particles
appear in developing and neonatal hearts, and
in some conductive cells {911, but are not a
common feature of mature working myocytes.
McNutt and Fawcett {4} have noted the rather
specific disposition of B particles between the
myofilaments in the I bands, and glycogen par-
ticles can be found in the various myoplasmic
spaces such as those adjacent to the nuclear
poles, where they and ribosomes may easily be
confused with one another (fig. 1-32).
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Conductive Myocardial Cells: the
Atrioventricular Conducting System

Several relatively recent reviews are concerned
with characterization of the conductive cells
and pathways of the mammalian heart [e.g.,
91-95}. These and other, broader reviews of
myocardial structure point out the great deal of
anatomic variation that can exist between phys-
iologically similar cells of different species. No
attempt will be made here to summarize all
these variations, but some of the more salient
ultrastructural features of conductive cells will
be considered, largely in the context of descrip-
tions of working myocardial cells given in the
preceding sections.

NODAL CELLS
The major nodes of the AVCS, found in the
right atrial region, are the sinoatrial (SA) and

FIGURE 1-29. Transverse section of mouse ventricular
wall. Examples of the four sarcolemmal constituents of
the intercalated disc are shown: the gap junction (GJ),
septilaminar and the most narrow region of the disc; the
desmosome (D), characterized by a linear extracellular
structure (the central lamella) and extremely opaque intra-
cellular plaques, near which appear profiles of intermedi-
ate filaments (F); the fascia adberens (FA) which lacks the
distinctly organized extra- and intracellular components of
the desmosome; and general sarcolemma (SL), the region
in which caveolae and peripheral couplings are formed (see
fig. 1-35). Scale bar represents 0.2 pm.

FIGURE 1-30. Guinea pig papillary. Gap junction infil-
trated with electron-opaque precipitate formed as a result
of block-staining with uranyl acetate. The thin section
passes through a region in which the plane of the sarco-
lemma tilts, thus revealing the gap junction in sideview
at the /eft and en face at the right. At the upper right the
characteristic hexagonal packing of gap junction subunits
(“connexons”), as well as the opaque central dots within
each connexon, is made clear by the presence of the ura-
nium precipitate. Scale bar represents 0.1 pm.

FIGURE 1-31. Mouse ventricle. Freeze-fracture replica of
lateral sarcolemmal region of intercalated disc (cf. fig.
1-27). In addition to the evenly distributed intramem-
branous particles on the P face of the general sarcolemma,
there appear several groups of larger, tightly packed
P-face particles of gap junctions (GJ,); atop these aggre-
gates appear small portions of the gap junctional E face
(GJ.), which separated from the cell above. The large par-
ticles distributed in a discoidal array at the lower right of
the field are characteristic of a desmosome (D). C, caveolar
openings. Scale bar represents 0.1 pm.

atrioventricular (AV) nodes. The two are con-
nected by pathways often dismissed as practi-
cally being mote physiologic than anatomic;
the AV node in turn gives rise to pathways
which penetrate into the ventricles and ramify
there in the form of the so-called “Purkinje
cell” network. (Other pathways, from SA node
to left atrium, apparently exist, however {92,
951). There often are described two major cell
types in the nodes, those that are relatively
myofibril-rich, and those that possess rather lit-
tle contractile material; forms transitional be-
tween working atrial muscle cells and conduc-
tive cells have also been discerned {91}.

In thin sections, a reasonably dependable
distinguishing characteristic of nodal cells is
their tendency to group into clusters which
contain several cells (figs. 1-4 and 1-39); this
grouping appears to be the result of the in-
volved interdigitation of cells via their “inter-
calated discs,” which in such cell groups are far
less disclike than those of working myocar-
dium, instead consisting largely of laterally
placed junctional complexes (fig. 1-39). The
interdigitation of cells within a nodal group
typically is sufficiently involved that some cells
may be wound about others, with tiny cell pro-
trusions appearing in the midst of the inter-
twined members (fig. 1-39). The three main
types of intermembranous junctions (see Inser-
membranous junctions) can usually be identified,
but opinion has it that nexuses do not occupy
a major portion of nodal cell sarcolemma {5}.

The Z substance of myofibrils in SA and AV
nodal cells often displays unusual morpholo-
gies. In some instances circular perforations ap-
pear in transversely cut Z discs (fig. 1-40).
Longitudinal sections confirm the discontinuity
of the Z bands across the widths of some myo-
fibrils. An additional oddity of conductive cell
myofibrils is the occasional presence of prolif-
erated Z substance {96} which forms intensely
opaque myofibril segments (figs. 1-44 and
1-45) that resemble the nemaline rods of skel-
etal myopathy. Similar bodies are seen in work-
ing myocardium, particularly in older animals
[971. Such “Z rods” {22} are likely made up in
large part (but not in their entirety) of tropo-
myosin. Their function in normal cells is not
clear, but morphologically similar bodies have
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been proposed as the framework on which new
sarcomeres are produced [98]. Their presence
in pathologic skeletal muscle is thought to
compromise myofibrillar contractility, but such
impediment is probably of minor consequence
to cells of the AVCS, since their primary func-
tion is electrical rather than mechanical.

The sarcoplasmic reticulum of nodal cells
consists of network SR, peripheral junctional
SR, and numerous examples of corbular (ex-
tended junctional) SR (fig. 1-40; see Sarco-
plasmic reticulum). In some cells, collections of
N-SR are not specifically associated with the
myofibrils, but instead occupy subsarcolemmal
locations, intermingling there with filamentous
material and glycogen particles {99].

No clear-cut evidence has been presented to
support the general presence of transverse tu-
bules, much less a TATS (cf. Transverse-axial
tubular system), in cells of the AVCS. Neverthe-

FIGURE 1-32. Mouse ventricular myocardial cell. Nuclear
pole myoplasm, occupied in large part by Golgi apparati
(GA). Although an extensive Golgi system is not a fre-
quent constituent of ventricular cells, these profiles pro-
vide a composite view of the numerous aspects of the
Golgi region. In addition to the dense-cored vesicles of
varying sizes and shapes (*) which appear at the concave
faces of the stacks of curved cisternae, there are numbers
of small vesicles (V), largely associated with the forming,
concave Golgi saccules. Coated vesicles (CV) are present
as well at both Golgi faces. Ribosomes, microtubules, and
mitochondria coexist with the Golgi in nuclear pole myo-
plasm. Scale bar represents 1 wm.

FIGURES 1-33 to 1-35. Coated vesicles of various config-
urations and locations in mouse ventricular myocardium.

FIGURE 1-33. Coated vesicle fused with surface sarco-
lemma. Bristlelike projections (arrows) form part of the
characteristic coating. Scale bar represents 0.1 wm.

FIGURE 1-34. Coated vesicle deep in myoplasm. Note
similarity of its coating to that of the vesicle shown in
figure 1-33. Scale bar represents 0.1 pm.

FIGURE 1-35. Transverse section of portions of two cells,
demonstrating a variety of vesiclelike profiles, some of
which are not truly spheroidal bodies, including cross sec-
tions of network SR (N-SR) at the myofibril periphery,
and a microtubule (MT). Associated with the sarcolemma
are surface-connected caveolae (C) and saccules of periph-
eral junctional SR (PJ-SR). Two atypical vesicles are pres-
ent (*), one of which exhibits an opaque core. Scale bar
represents 0.1 pm.

less a number of observations suggest that a va-
riety of invaginations can form in such cells.
For example, Osculati and Garibaldi {100,
1011, Osculati et al. {102, 103}, and Rybicka
[99] have published micrographs which display
indentations which emanate from the surface
sarcolemma of Purkinje-type cells. In the SA
node of cat myocardium, certain cells (fig.
1-41) contain large, membrane-bounded,
granule-filled cavities which appear to be con-
tinuous with the sarcolemma, in view of occa-
sional J-SR saccules which are attached to
them. Some sarcolemmal intrusions, similar in
form to T tubules, can be found as well (fig.
1-41). The above findings cast some doubt on
the pat concept that AVCS cells can be distin-
guished de facto by their lack of a TATS.
Whether or not the invaginations described are
generated by a process similar to that which
creates the TATS of working myocardial cells
remains to be investigated. Such a determina-
tion will be significant in defining the parallels
in construction which exist between contractile
and conductive cells of the heart.

PURKINJE CELLS

A great deal of controversy has developed over
the conductive network of mammalian ventri-
cle, beginning presumably with the work of
Purkinje himself {104} and continuing with
numerous other investigations which have
questioned the singular identity and regional
specificity of such cells (e.g., see Sherf and
James [95]). The term continues to be readily
recognized, however, even though exact defi-
nition seems yet forthcoming. Suffice it to say
that the AVCS within the ventricle is largely
composed of a highly ramified network of cells,
subendocardial in location, which can be dis-
tinguished from the sometimes adjacent work-
ing fibers on the basis of one, or another, or
more structural criteria. At this point the col-
lection of qualified cells burgeons. Rodent Pur-
kinje cells differ from working ventricular my-
ocytes by little more than the lack of the
TATS, it seems {105, 106}. Purkinje-type cells
of certain other species, however, display T-
tubule-like structures (see the preceding sec-
tion). Ungulates occupy an extreme of the
spectrum, in having extraordinarily enlarged



FIGURES 1-36 to 1-38. Left atrial wall (longitudinal sections) from rhesus monkey heart.

FIGURE 1-36. This section illustrates the thinness of the muscle cells of the atrium (cf. fig. 1-5). Atrial specific granules
(SG) are scattered through the myoplasm of the upper cell. Scale bar represents 5 wm.

FIGURE 1-37. The contours of this intercalated disc are irregular and largely involved in longitudinal folds, some of
which contain gap junctions (GJ). Mitochondria (Mi) ate smaller and less numerous than in working ventricular cells
(e.g., cf. fig. 1=7). The lower degree of organization of these atrial cells also is denoted by their sarcomeric components
(including Z bands: Z), which may be misaligned even in the same myofibril. Scale bar represents 1 wm.

FIGURE 1-38. Golgi region, illustrating forming and mature atrial specific granules. Scale bar represents 0.5 wm.
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FIGURE 1-39. Rhesus sinoatrial node. The complex interdigitation of apposed cells typifies nodal groupings (also see fig.
1-6). Gap junctions (GJ) are prominent in these intercalated disc profiles. Scale bar represents 1 pm.

FIGURE 1-40. Rhesus SA nodal cell. Z discs (Z) in many of these cells exhibit numbers of circular defects (“perfora-
tions”). Numerous spherules of corbular SR (C-SR) also are characteristic of such cells. Scale bar represents 0.5 pwm.

FIGURE 1-41. Cat SA node. Certain nodal cells exhibit definite sarcolemmal infoldings (arrows) which are filled with
surface-coat meterial. Granule-filled bodies (*) are common in these cells, and some of these can be traced to connection
with the surface sarcolemma. Scale bar represents 1 pm.
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FIGURES 1-42 and 1-43. “Purkinje” cells from ventricular subendocardial network of conductive cells in rhesus monkey
heart.

FIGURE 1-42. Small, myofibril-rich Purkinje cells, connected to one another by short, side-to-side appositions (see fig.
1-44) to form a thin network just beneath the endocardium (EC). Scale bar represents 5 pm.

FIGURE 1-43. Transverse section of subendocardial “type I {91} Purkinje fiber, identifiable by its overall lucent appear-
ance relative to the adjacent working ventricular cells. Detail shown in figure 1-46. Scale bar represents 5 pm.
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conductive fibers, often grossly discernible on
ventricular surface, whose contractile apparati
are virtually nil, which are devoid of T tubules,
and whose volume is largely taken up by gly-
cogen {e.g., 107, 108}. Subdivision into cate-
gories of the Purkinje fibers of monkey heart
has been attempted as well {91].

Our own observations on rhesus monkey
heart confirm the existence of at least two gen-
eral types of cells in the subendocardial net-
work. As in the case of nodal cells, the dichot-
omy is based on greater and lesser incidence of
myofibrillar material (figs. 1-42 and 1-43).
The conductive cell having a prominent com-
plement of myofibrils seems predominant; each
example of this category, like nodal cells, is
joined to its fellow cells by intercalated discs
which are heavily invested in longitudinally
oriented expanses of sarcolemma (fig. 1-42).
There is also significant occurrence of nema-
linelike aggregates of Z-disc substance (figs.
1-44 and 1-45), a phenomenon seen also in
Purkinje cells of cow {109} and dog {110].
Myofibril-poor cells (probably equivalent to the
type-I cells described by Virdgh and Challice
[91}) are spectacularly evident because of their
“clear” appearance relative to other cells in
their immediate vicinity (figs. 1-43 and
1-46). The contractile elements of such cells,
like those of ungulate Purkinje fibers, are lo-
cated primarily at the cell periphery. Their
boundaries are convoluted, and the intermyofi-
brillar spaces (fig. 1-46) contain small mito-
chondria, microtubules, and some loosely ar-
ranged filamentous material (possibly composed
in part of intermediate filaments {cf. 111}).
Short sarcolemmal invaginations create undu-
lated surfaces along stretches of cell border, and
junctional SR of exceptional length—which be-
comes ‘“‘extended” J-SR at some points (fig.
1-46)—is a notable characteristic of such cells.

Conclusion

Heart muscle, by dint of its essentiality to the
survival of the body—particularly in regard to
that of man—has enjoyed commensurate inter-
est in the form of scientific research. Under-
standing of the structure of heart muscle has

been almost unbelievably expanded over the
relatively short period during which cardiac ul-
trastructure has been studied [112}. Still the
adjurations of Raymond Truex {94] come to
mind as particularly apt. He has pointed out
that the limitations imposed by light and elec-
tron microscopy are both significant and very
different. By means of the first mode, light mi-
croscopy, the cell boundaries cannot be clearly
identified; in the other (specifically transmis-
sion electron microscopy), the small sample
size offered by thin sections is potentially de-
ceptive, in terms of such tasks as measuring
maximal cell diameters, even though resolution
is increased as much as a thousandfold. In re-
cent years the use of evolved techniques, for
example, scanning electron microscopy in com-
bination with single-cell isolation, freeze-frac-
ture replication, stereoscopic thick-section ex-
amination of selectively opacified heart tissue,
and computer-based reconstruction of cell
shapes, has helped to close the informational
gap that existed, in 1974, between 5-pm and
50-nm tissue sections. Nevertheless there re-
main additional problems which are largely a
product of the global Heisenberg principle:
nothing can be evaluated without being some-
how altered. Isolation of myocardial cells can
rupture their intercalated discs, procedures
such as dehydration and critical-point drying
may shrink cells severely, and so forth. Yet, if
the various limitations can be recognized and
countered insofar as possible, in future reviews
there will continue to be demonstrated the fact
that the study of heart has been well served by
the broad technical field of ultrastructure re-
search.
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FIGURE 1-44. Purkinje fibers in section alternate to that shown in figure 1-42. Cell-to-cell adhesions are short (between
arrows), and the substance of Z bands frequently proliferates to form ““Z rods” (ZR). Scale bar represents 1 pwm.

FIGURE 1-45. Detail of Purkinje Z rod, illustrating its distinct substructure. Scale bar represents 0.1 pm.

FIGURE 1-46. Detail of “clear” Purkinje cell. The nucleus exhibits a prominent nucleolus (Nu) and a crenated envelope.
Myofibrillar material is sparse and tends to be located at the outer rim of the cell. Z-band material (Z) forms small dense
profiles of various shapes. A limited Golgi apparatus (GA) is juxtaposed to the nucleus, and numerous small mitochon-
dria are present in the electron-lucent myoplasm. Short sarcolemmal invaginations, lined with surface coat material, are
seen (arrows). An elongate saccule of junctional SR (J-SR) undulates into and away from contact with the surface
sarcolemma. Scale bar represents 1 pm.
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2. BASIC PATHOLOGIC PROCESSES
OF THE HEART

Relationship to Cardiomyopathies

L. Maximilian Buja

Introduction

Cardiomyopathy is broadly defined as heart
muscle disease. This chapter reviews certain
basic pathologic processes affecting the heart
and discusses the relationship of these processes
to various cardiomyopathies. Additional infor-
mation regarding several of these pathologic
processes is provided in other chapters of this

book.

Myocardial Ischemia

Myocardial ischemia is a state of relative defi-
ciency of oxygen supply in relation to the
global or regional oxygen demands of the heart
[1, 2]. The initial consequence of ischemia is
altered excitation—contraction coupling, lead-
ing to a decrease or loss of contractile activity.
Ischemic myocardium also has abnormal elec-
trical activity which may lead to the generation
of arrhythmias. The third consequence of isch-
emia, when it is of sufficient severity and du-
ration, is the progression of cell injury to an
irreversible phase of cell death (myocardial in-
farction).

ETIOLOGY AND PATHOPHYSIOLOGY
Ischemic heart disease in humans usually occurs
as a consequence of coronary atherosclerosis, a

N. Sperelakis (ed.). PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART.
All rights reserved. Copyright © 1984.

Martinus Nijhoff Publishing, Boston/The Haguel

Dordrecht!Lancaster.

disease which impairs coronary perfusion by ac-
cumulation of atherosclerotic plaque and
thrombus {2}. The coronary arteries also are
subject to nonatheromatous diseases, including
congenital anomalies, embolization, dissection,
and aneurysms. Coronary diseases ordinarily af-
fect the epicardial arteries, but involvement of
intramural (small) arteries may be significant in
some cases of ischemic heart disease.

The dynamic nature of ischemic heart disease
is indicated by the imperfect relationship be-
tween the severity of anatomic lesions of the
coronary vasculature and the variety and sever-
ity of clinical manifestations of ischemic heart
disease [2—-5}. A number of factors influence
the interplay between the myocardium and the
coronary vasculature. It is known that the pri-
mary determinants of myocardial oxygen de-
mand are heart rate, myocardial contractile
state, and stress on the myocardial wall (influ-
enced by blood pressure). It is also known that
ventricular hypertrophy and failure create a
state of increased oxygen demand by their in-
fluence on these parameters.

With a discrete area of coronary obstruction,
50% reduction in luminal diameter (75% re-
duction in area) is needed to reduce hyperemic
blood flow and 80% reduction in diameter is
required to impair resting blood flow {2}
However, a number of factors can influence the
functional significance of a coronary stenosis,
including the presence of multiple stenoses, the
degree of development of the coronary collat-
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eral circulation, and an excessive myocardial
oxygen demand. Coronary perfusion is also in-
fluenced by coronary tone, blood pressure (par-
ticularly diastolic perfusion pressure), and
hemic factors, including blood volume, hema-
tocrit, viscosity, oxygen—hemoglobin dissocia-
tion properties, coagulation, and platelet func-
tion.

Localized alterations in the coronary arterial
wall lead to many episodes of acute ischemic
heart disease. The triggering mechanisms in-
clude coronary spasm, platelet aggregation,
and thrombosis (fig. 2—1). {1-7].

Coronary thrombosis plays an important role
in the progression of coronary heart disease {2}.
Thrombi are composed of granular aggregates
of platelets, deposited at the site of thrombus
initiation, as well as coagulated blood compo-
nents deposited proximal and distal to the ini-

FIGURE 2-1. Pathogenetic mechanisms operative in the
major syndromes of acute ischemic heart disease. From
Buja et al. {6}.

tiation site. Repeated episodes of formation of
small thrombi contribute to the growth of
complicated atherosclerotic plaques. In addi-
tion, occlusive mural thrombi are involved in
the pathogenesis of major episodes of ischemic
heart disease, including acute transmural myo-
cardial infarction.

Occlusive coronary thrombi are frequently
associated with evidence of plaque erosion, ul-
ceration, rupture, and/or hemorrhage [2-5}.
These findings suggest that the primary events
leading to coronary thrombosis occur in the
vessel wall. These phenomena typically involve
soft plaques with prominent atheromatous
cores and thin fibrous capsules. Causative fac-
tors may involve chronic hemodynamic trauma,
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inflammatory or chemical injury to endothe-
lium and subendothelial tissue, or increased in-
traplaque pressure due to infiltration of blood
and vasospasm. Some coronary thrombi develop
without identifiable lesions in the arterial wall.

Occlusive coronary thrombi occur in over
90% of cases of transmural infarction, a third
to a half of cases of subendocardial infarction,
and a lower percentage of patients with unsta-
ble angina pectoris (without evidence of major
infarction) and in those who die suddenly prior
to hospitalization {2—5]. The available evidence
indicates that occlusive coronary thrombosis is
of major importance in the ultimate extent of
an evolving myocardial infarction, and addi-
tional factors are involved in the initiation of
acute ischemic events which may or may not
ultimately involve thrombus formation and fur-
ther progression of the severity of the insult. In
some cases, the important factor may be an ex-
cessive increase in myocardial oxygen demand.
In other cases, the factors are vessel wall injury,
platelet aggregation, and coronary vasospasm.

It is now clear that there is an important
distinction between the pathophysiology of the
common form of sudden cardiac death and
acute myocardial infarction {1-6}. Most cases
of sudden cardiac death are produced by a pri-
mary ventricular arrhythmia, usually ventricu-
lar fibrillation. This arrhythmia may be in-
duced by an episode of acute ischemia or by an
ectopic focus generated in an area of chronic
myocardial damage with altered electrical ac-
tivity. Most of the resuscitated survivors of
sudden death do not evolve evidence of a major
myocardial infarction. A minority of subjects
with sudden cardiac death show evidence of a
coronary thrombosis and/or an acute myocardial
infarct. In these patients, arrhythmia presum-
ably developed secondary to the coronary and
myocardial lesions.

Coronary spasm is a localized, exaggerated
increase in vascular tone leading to an acute
narrowing or occlusion of an artery [2, 5-7].
Spasm of a major coronary artery has been
shown to be the cause of Prinzmetal variant an-
gina pectoris. Spasm of large and small coro-
nary arteries also may play a role in other forms
of ischemic heart disease. The etiology of cor-
onary spasm is uncertain. One possibility is an
alteration of the autonomic nervous system. Al-

though generalized autonomic dysfunction has
not been found in patients with coronary
spasm, an association of coronary spasm with
other vasospastic disorders has been reported.
In addition, activation of the alpha-adrenergic
system by the cold pressor maneuver in pa-
tients with ischemic heart disease can result in
coronary vasoconstriction and reduced coronary
blood flow. Recent studies indicate a complex
interaction between vascular endothelium and
platelets, since the former produces prostacy-
clin, a substance with vasodilator and anti-
platelet aggregation properties, whereas the
latter produce thromboxane A,, which pro-
motes vasoconstriction and platelet aggrega-
tion. Several recent studies have demonstrated
enhanced platelet aggregation and increased
thromboxane levels in patients with active isch-
emic heart disease. Platelet aggregation is as-
sociated with the release of thromboxane A,, a
potent coronary vasoconstrictor, that could, in
turn, be involved in the initiation of spasm or
the perpetuation of spasm initiated by other
mechanisms. These findings suggest that an
imbalance of the prostacyclin—thromboxane
system may be involved in the initiation of
platelet aggregation and spasm. Another pos-
sibility is that spasm may be induced by pri-
mary alterations in medial smooth muscle, and
that these changes may involve alterations in
calcium and/or magnesium homeostasis.

Further work is needed to elucidate the in-
terrelationship of coronary spasm and platelet
aggregation in various clinical syndromes of
ischemic heart disease. In patients with classic
Prinzmetal angina pectoris, particularly those
with minimal coronary artery disease, the pri-
mary event likely is coronary spasm, with
platelet aggregation possibly contributing as a
secondary phenomenon. In other patients with
unstable angina pectoris, particularly those
with significant atherosclerosis, platelet aggre-
gation on atheromatous plaques could be the
primary event which develops without vaso-
spasm as a triggering mechanism.

Survivors of one or more episodes of acute
ischemic damage may develop significant
chronic ischemic heart disease. Manifestations
include recurrent angina pectoris, arrhythmias,
conduction abnormalities, cardiomegaly, and
congestive heart failure. Pathologically, the
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heart shows coronary atherosclerosis, frequently
with one or more occlusions; cardiac enlarge-
ment with left ventricular hypertrophy and di-
latation; and extensive patchy myocardial fibro-
sis and/or one or more healed regional
myocardial infarcts. Advanced cases with severe
clinical and pathologic changes have been
termed ischemic cardiomyopathy.

EXPERIMENTAL ISCHEMIC INJURY

Important information regarding mechanisms
of myocardial cell injury has been obtained
from the study of myocardial ischemia pro-
duced by coronary occlusion in experimental
animals {1}. Myocardial infarction evolves
within a risk region (bed-at-risk) supplied by
the occluded vessel {8]. The ultimate basic le-
sion is coagulative necrosis. However, within
the risk region, topographic differences occur
in the pattern of myocyte injury (fig. 2-2) {9,
10}. In the central, mostly subendocardial re-
gion, the predominant cell type exhibits
stretched myofibrils, clumped nuclear chroma-
tin, mitochondria with flocculent (amorphous)
matrix densities, and plasma membrane de-
fects. The latter three features are indicative of
irreversible injury. An intermediate region con-
tains necrotic muscle cells with evidence of cal-
cium overloading manifested by myofibrillar

FIGURE 2-2. Patterns of myocytic injury in acute myo-
cardial infarction: C.B., myofibrillar contraction band;
L.D., lipid droplet; Mf., myofibril; Mt., mitochondrion;
Mt-A.D., mitochondrion with amorphous matrix (floc-
culent) densities; Mt.-A.D. + CaD., mitochondrion with
amorphous matrix densities and calcium phosphate depos-
its; N., nucleus; N.-Cl. Chr., nucleus with clumped
chromatin; SI.D., sarcolemmal defect.

hypercontraction with contraction bands and,
in some cells, by mitochondria with calcium
phosphate deposits. These cells also exhibit
amorphous matrix densities in the mitochon-
dria, plasma membrane defects, clumped chro-
matin, and variable numbers of lipid droplets.
In the outer region, the muscle cells exhibit
marked accumulation of lipid droplets and
other changes of cell injury, but they lack the
changes of advanced necrosis.

Many studies have addressed the question of
progression of irreversible injury within the
bed-at-risk {2, 8]. The observations indicate
that the rate of progression is a function of a
severity—time index. The progression of necro-
sis is influenced by the size of the bed-at-risk
and the severity of the ischemia which, in turn,
is influenced by the amount of collateral blood
flow into the bed-at-risk shortly after the onset
of coronary occlusion {8]. When ischemia is se-
vere (less than 10%-15% of normal blood
flow), extensive irreversible injury is present
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throughout the subendocardium after 40-60
min of coronary occlusion. The predisposition
of the subendocardium is related to the more
tenuous oxygen supply—demand relationship of
this region under basal conditions and the se-
vere alteration of this relationship with coro-
nary occlusion. After 3—6 h of coronary occlu-
sion, a wavefront of necrosis has progressed
into the subepicardium. Little further progres-
sion of necrosis occurs thereafter.

The different patterns of myocardial injury
observed in an established infarct are related to
the rate of progression of damage in different
regions of the bed-at-risk. In addition to coag-
ulative necrosis, ischemia also may produce
myocytolysis {2, 11}. This pattern of injury is
characterized by hydropic change and lysis of
myofibrils with potential progression to com-
plete cytolysis.

MECHANISMS OF IRREVERSIBLE INJURY
Following the onset of ischemia or hypoxia,
numerous metabolic alterations occur in the ox-
ygen-starved myocytes {1]. Progressive dys-
function of the plasma membrane also occurs
[12-14}. Early alterations involve dysfunction
of specific membrane pumps, such as the Na*-
K* ATPase. Progressive increases in mem-
brane permeability also occur. Experimental
evidence suggests that the onset of irreversibil-
ity correlates with the development of a severe
permeability defect to polyvalent ions and with
phospholipid degradation {13, 14}.

The functional consequences of altered mem-
brane function involve: (a) altered flux of so-
dium, potassium, chloride, and water leading
to cell swelling, and (b) net influx of calcium
leading to toxic effects of this cation. The mag-
nitude of the cell swelling and calcium accu-
mulation is determined by access to extracellu-
lar fluid. In severely ischemic areas, however,
subtle shifts in electrolytes and water between
the intracellular and extracellular spaces could
have important consequences on progression of
cell injury.

A number of pathophysiologic factors may
influence the progression of irreversible isch-
emic injury. Certain observations have impli-
cated alterations of the adrenergic nervous sys-
tem. Coronary occlusion is followed by an
increase in the population of detectable beta-

and alpha-adrenergic receptors in the ischemic
myocardium {15, 16}. Ischemia also results in
a release of norepinephrine from nerve endings
[17}. Thus, exposure of ischemic myocytes
with altered receptor populations to increased
amounts of catecholamines may contribute to
the progression of ischemic injury.

Toxic Myocardial Injury

It is known that a number of toxic insults pro-
duce myocardial injury independent of inter-
ruption in coronary blood flow [18-21}. The
classic example of acute toxic myocardial injury
is the damage produced by administration of
excessive amounts of isoproterenol or other bio-
genic amines [22, 23}. Catecholamine-induced
cardiotoxicity is characterized by damaged
muscle cells with myofibrillar hypercontrac-
tion, contraction bands, and mitochondrial cal-
cium deposition. The pattern of injury is sim-
ilar to that observed in peripheral regions of
myocardial infarcts. This pattern of injury ap-
pears to be a general response of the myocar-
dium when severe injury develops and some de-
gree of coronary perfusion exists (either as
occlusion—reperfusion, collateral perfusion, or
toxic injury with normal perfusion). A similar
pattern of acute myocardial injury has been ob-
served with many other toxic insults to the
heart (fig. 2-3) {18, 19].

The progression of catecholamine-induced
myocardial injury involves activation of adren-
ergic receptors, stimulation of myocardial met-
abolism, and increased oxygen consumption.
A relatively severe mismatch in the oxygen
supply—demand ratio may result and trigger
phenomena operative in ischemic injury. The
irreversible phase of injury is associated with a
marked defect in sarcolemmal permeability
{22, 23}.

Another pattern of toxic injury is character-
ized by the myocardial response to the anthra-
cycline antibiotics, daunomycin and adriamy-
cin {19, 20, 24, 25]. In addition to acute
effects, these agents produce chronic cardiotox-
icity which can lead to severe cardiac failure.
Biologically, the phenomenon is characterized
by a delayed response to the cumulative effects
of the drug. Affected subjects exhibit cardiac
dilatation and serous effusions. Microscopi-
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cally, the characteristic lesion is a multifocal
vacuolar change of the myocytes associated ul-
trastructurally with variable amounts of dilata-
tion of the sarcoplasmic reticulum and T tu-
bules, lysis of myofibrils, and degeneration of
mitochondria. Morphologically, these lesions
represent a distinctive type of myocytolysis,
which represents another general pattern of re-
sponse to myocardial injury {11}.

The pathogenesis of adriamycin cardiotoxic-
ity has not been fully defined. Potential mech-
anisms involve membrane damage, possibly
mediated by the generation of free radicals {25,
26}, impaired protein synthesis mediated
through effects on nucleic acids {27}, and alter-
ations in catecholamines and histamine {28}.

Toxic injury to the heart has been implicated
in the etiology and pathogenesis of cardiomy-
opathy, but progression from an acute to a
chronic stage of disease has not been proven for
many agents. Anthracycline cardiotoxicity is
conceptually important because this entity

FIGURE 2-3. The clinicopathologic spectrum of drug-re-
lated cardiomyopathies. From Buja et al. {19].

demonstrates that cardiomyopathy can result as
a delayed response to the cumulative effects of
an exogenous chemical (fig. 2-3).

Infection and Inflammation

A number of viruses, bacteria, and other mi-
crobes can produce acute myocarditis {29—-32].
The end result may be death or complete reso-
lution, but some cases can have a recurrent
course resulting in a picture resembling cases
of idiopathic cardiomyopathy {29-32]. Studies
of the pathogenesis of viral myocarditis suggest
that, although the process is initiated by vi-
ral infection, the disease may be perpetuated
by the host response. One such mechanism
is the proliferation of a specific population
of cytotoxic lymphocytes which may attack
the myocytes altered by the initial viral infec-
tion {31}.



2. BASIC PATHOLOGIC PROCESSES OF THE HEART 49

Heart disease can result from autoimmune
injury, as shown by the entities of acute rheu-
matic fever and chronic rheumatic heart dis-
ease. It is possible that less well defined au-
toimmune phenomena can contribute to the
development or progression of certain cardio-
myopathies [33—37}.

Hypertrophy and Failure

Hypertrophy is a basic response of the heart in
which one or both of the ventricles or atria
increase in mass in response to an increased
load {38-40]. This process is accomplished pri-
marily by an increase in the mass of the
cardiac myocytes without an increase in their
number.

Normal growth and development of the
mammalian heart is influenced by important
changes occurring at the time of parturition.
During early fetal development, growth of the
heart involves multiplication and differentia-
tion of myocytes. At or around the time of
birth, myocytes lose the ability to undergo mi-
totic division. At this time a significant per-
centage of myocytes become binucleate proba-
bly as a result of a final nuclear division
without cytokinesis {41]. Subsequent normal
growth of the heart is mediated by synthesis of
myofibrils and other organelles in the existing
myocytes.

Hypertrophy implies a further increase in
cardiac mass above the normal value in re-
sponse to an increased hemodynamic load: an
afterload (pressure load), preload (volume load),
or both. Hypertrophy occurs in response to
physiologic stimuli, such as exercise, and in a
variety of pathologic states. There is debate as
to whether or not the processes of physiologic
hypertrophy and pathologic hypertrophy, at
least in early stages, represent the same or dif-
ferent patterns of response {42, 43]. There is
also uncertainty as to the basic stimulus for hy-
pertrophy at the cellular level {38-48]. One
view is that the physical forces of the increased
stress directly stimulate a burst of protein syn-
thesis leading to increased cell mass. At the
level of the whole ventricle, normalization of
an increased wall stress by an appropriate hy-
pertrophic response, according to the law of La

Place, is an important predictor of the cardiac
response to a variety of stimuli {42, 48]. Alter-
native hypotheses emphasize the importance of
other factors, such as transient ischemia,
changes in high-energy phosphates, or other al-
terations in cellular metabolism. These factors
are postulated to function as couplers of the
hemodynamic stimuli to increased protein syn-
thesis and myocyte enlargement. A schema for
the potential interactions of these factors lead-
ing to myocardial hypertrophy in one disease
state, namely, coronary heart disease, is shown
in figure 2—4 [49}. Additional insight into the
molecular basis of hypertrophy awaits further
basic studies of the regulation of nucleic acid
and protein metabolism in the heart.

Cardiac failure is another important patho-
physiologic process affecting the heart {50,
51}. This alteration is a pathophysiologic state
in which the heart loses its ability to provide
an output sufficient for the metabolic demands
of the peripheral tissues. Cardiac failure usually
is the result of myocardial failure of the left,
right, or both ventricles. However, cardiac fail-
ure also can result from pericardial disease, mi-
tral stenosis, massive acute valvular insuffi-
ciency, or other causes. Cardiac failure may
occur in a previously normal heart or one with
hypertrophy. The usual response is chamber
dilatation, but the presence of chamber dilata-
tion does not have a one-to-one relationship
with overt failure because a ventricle with a
chronic volume load may exhibit dilatation
when the subject does not show evidence of
cardiac failure.

Experimental studies have identified a num-
ber of biochemical alterations in the failing
heart {52—551. The critical lesion could involve
defective energy production, defective energy
utilization, or defective excitation—contraction
coupling. Available evidence has implicated
defective excitation—contraction coupling, due
to defective calcium homeostasis, as the earliest
alteration in certain models of myocardial fail-
ure. Specifically, these studies have identified
defective uptake and release of Ca’" from the
sarcoplasmic retriculum with the potential re-
sult that less Ca”" is available for activation of
cardiac contraction {52—-55}.

The above considerations imply a diffuse
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subcellular defect as the basis for myocardial
failure. An alternative hypothesis for the patho-
genesis of myocardial failure has been proposed
by Sonnenblick and associates {56}. According
to their hypothesis, myocardial failure is initi-
ated by factors which produce multifocal necro-
sis of myocardial fibers. Myocardial failure re-
sults when a critical mass of myocytes is lost
such that the remaining myocytes, although
functionally normal, are no longer able to
maintain adequate ventricular function. Son-
nenblick et al. have suggested that vasospasm
may be the initiating cause of multifocal myo-
cyte necrosis in several models of cardiomyop-
athy and cardiac failure.

Alterations of the autonomic nervous system
also contribute to the pathophysiology of
congestive heart failure {55, 57}. Progressive
loss of catecholamines from failing myocardium
and elevated circulating levels of catechol-
amines in subjects with cardiac failure have
been documented. Recently, myocardium from
subjects with end-stage cardiac failure has been
shown to have a decreased population of beta-
adrenergic receptors {58]. A depressed response

FIGURE 2-4. Pathophysiologic mechanisms leading to
cardiac hypertrophy in chronic ischemic heart disease.
From Buja et al. [49].

of the heart to adrenergic stimulation appears
to be important in the progression of cardiac
dysfunction.

Patterns of Cardiomegaly

Patterns of cardiomegaly provide important in-
formation regarding the nature of the underly-
ing pathologic process (fig. 2-5) {39, 40, 59}.
Cardiac dilatation without hypertrophy is in-
dicative of acute cardiac failure involving a pre-
viously normal heart. The process is character-
ized by a normal heart weight, chamber
enlargement, and reduced thickness of the
wall, Ventricular dilation involves the Frank—
Starling mechanism with progressive recruit-
ment of myocytes with an optimal diastolic sar-
comere length of 2.2 microns (L) [50, 60}.
Slippage and loss of registration of myocytes
also may contribute {50}. A major factor, how-
ever, is a geometric rearrangement of myocytes
within the ventricular wall rather than in pro-
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Normal Concentric Hypertrophic
(300 gm) Hypertrophy Cardiomyopathy
(550gm) IHSS type
(600 gm)

Dilatation
without
Hypertrophy
(800gm)

Eccentric
Hypertrophy
(650gm)

FIGURE 2-5. Patterns of cardiomegaly shown in trans-
verse sections through the cardiac ventricles. Values in
parentheses represent corresponding heart weights. From
Buja and Petty [59].

gressive stretching of the myocytes. As a result
of the rearrangement of myocytes, the wall of
the dilated ventricle becomes thinner and ex-
hibits fewer myocytes in a given transmural
cross section {39, 40}. Disease processes pro-
ducing acute cardiac dilatation without hyper-
trophy include the acute phase of myocarditis,
infective endocarditis, valvular insufficiency,
and ischemia-induced cardiac decompensation.

Concentric hypertrophy is characterized by a
relative or absolute increase in ventricular
weight, a small chamber size, and a symme-
tric, excessively thickened chamber wall {39,
40, 591. This type of cardiomegaly is produced
by a pressure load (afterload) on the involved
ventricle. Common etiologies of concentric hy-
pertrophy are valvular stenosis and systemic hy-
pertension.

Eccentric hypertrophy is characterized by in-
creased ventricular weight and chamber dilata-
tion {39, 40, 59]. The dilated ventricle has an
eccentric configuration. Even though the
weight is increased, the thickness of the in-

volved chamber wall can vary from less than to
greater than normal depending upon the de-
grees of hypertrophy and dilatation. Eccentric
hypertrophy is the typical response of the heart
to a chronic volume load (preload).

This pattern of cardiomegaly can result
from: (a) acute chamber dilatation followed by
compensatory hypertrophy, (b) progressive dil-
atation and hypertrophy developing in parallel,
and (c) concentric hypertrophy followed by dil-
atation. Eccentric hypertrophy may be due to
chronic valvular insufficiency of any cause, car-
diac failure superimposed on chronic coronary
heart disease or hypertensive heart disease, or
congestive (dilated) cardiomyopathy. The latter
is distinguished by diffuse cardiac involvement
producing symmetric, four-chamber hypertro-
phy and dilatation.

The natural history of cardiac hypertrophy
involves an early stage characterized by stable
cardiac function and the potential for regression
of hypertrophy and a late stage characterized by
progressive myocardial failure and progressive
decrease in the potential for regression
{38-40]. Linzbach has proposed that a critical
cardiac mass in the range of 550 g occurs at a
point of transition from the early to the late
stage of hypertrophy [39]. After the critical
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cardiac mass is surpassed, important structural
changes develop in the hypertrophied ventricle
which predispose to myocardial failure and hin-
der regression. The greatly hypertrophied heart
may develop an increase in myocyte number as
a result of amitotic, longitudinal fission of en-
larged myocytes {39]. Progressive degeneration
of myocytes and fibrosis develop, and these
changes tend to be more extensive in the sub-
endocardium {61, 62}. Degeneration and fibro-
sis occur in part because the oxygen demands
of the greatly hypertrophied ventricle exceed
the capability of the vasculature to supply
blood {39, 49, 62]. Increasing wall stress may
be another factor. The end result is a fixed
structural dilatation of the involved chamber of
the heart. Specific disease processes and mech-
anisms of hypertrophy undoubtedly influence
the progression of hypertrophy and the poten-
tial for regression {63}.

Cardiomyopathies

The cardiomyopathies encompass a wide spec-
trum of disease processes {64—66]. They may
be classified according to etiology and patho-
physiology (clinicopathologic features) (table
2-1). Unfortunately the cause of many cases of
cardiomyopathy in man is unknown or uncer-
tain. The typical idiopathic cardiomyopathy is
characterized by heart muscle disease occurring
in the absence of hypertension, coronary artery
disease, valvular lesions, congenital cardiac de-

TABLE 2-1. General classification of cardiomyopathy

A. Etiology

1. Isolated heart muscle disease (primary or
idiopathic CMP)
a) congenital, familial, or genetic
b) acquired

2. Heart muscle disease secondary to
a) recognized etiology
b) systemic disease
¢) other cardiovascular disease

B. Pathophysiology
1. Congestive (dilated) CMP
2. Hypertrophic CMP
a) with obstruction (IHSS)
b) without obstruction
3. Restrictive (constrictive) CMP

fects, or other recognized forms of heart dis-
ease. These cardiomyopathies may have a con-
genital, familial, or genetic basis, or they may
be acquired secondary to injury from some ex-
ogenous agent. Primary (idiopathic) cardiomy-
opathies arise from poorly understood causes
which exert major or exclusive effects on the
myocardium. Secondary cardiomyopathies have
a known cause or arise as part of a well-defined
systemic or multiorgan disease [64}.

Secondary cardiomyopathy may occur with
neuromuscular diseases such as Friedreich’s
ataxia and various muscular dystrophies; with
connective tissue diseases, including systemic
lupus erythematosus; with neoplastic diseases
when cardiac metastases occur; with metabolic
diseases, including diabetes mellitus, thyrotox-
icosis, myxedema, and glycogen storage dis-
ease; with nutritional diseases, notably beriberi
and kwashiorkor; with hematologic diseases,
including various hypereosinophilia syndromes;
with viral, parasitic, protozoal, and bacterial
infections; with granulomatous diseases, nota-
bly sarcoidosis; with infiltrative diseases, nota-
bly amyloidosis; and with drugs and other tox-
ins {64].

Heart muscle disease also may result from an
initial cardiac or cardiovascular lesion of the
types described above. The heart muscle disease
may come to dominate the clinical course even
if the underlying cardiac lesion is ameliorated.
Examples of this phenomenon are the progres-
sion of ischemic cardiomyopathy following cor-
onary bypass surgery {2, 491 and the persis-
tence of cardiac disease following valve
replacement {63]. The basis for this phenome-
non relates to the general factors governing the
natural history of cardiac hypertrophy discussed
in the previous section.

Cardiomyopathies also are classified accord-
ing to their pathophysiologic manifestations
with associated clinical and pathologic features.
The pathophysiologic classification proposed by
Goodwin is a practical and clinically useful ap-
proach {65]. It must be stressed, however, that
this classification is not an etiologic one per se.
Nevertheless, the pathophysiologic manifesta-
tions of the cardiomyopathy frequently provide
useful information in assigning the case to a
broad etiologic group.
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CONGESTIVE CARDIOMYOPATHY

Most primary cardiomyopathies are of the
congestive type. Congestive cardiomyopathy is
a subacute or chronic disorder characterized
clinically by congestive cardiac failure, which
is usually recurrent or progressive and leads to
progressive cardiac enlargement. Arrhythmias
are another important clinical manifestation.
They may occur as the presenting feature, and
they may dominate the clinical picture at later
stages of the disease. The prognosis is poor
once chronic congestive heart failure develops.
Clinical episodes resulting from systemic em-
boli frequently occur. At necropsy, the heart is
flabby, enlarged with a globular shape, and ex-
hibits hypertrophy and dilatation (eccentric hy-
pertrophy) of all four chambers [66}. Mural
thrombi are frequently present, especially in
the left ventricle, and explain the frequency of
systemic embolization. Less advanced cases may
exhibit mild hypertrophy with mild dilatation.
Histologic changes ate nonspecific and consist
of variation in size, shape, and staining of mus-
cle cells and their nuclei and variable degrees
of muscle cell degeneration and fibrosis.
Congestive cardiomyopathy typically presents
as an acquired condition. Reports of familial
occurrence of congestive cardiomyopathy are
rare.

Circumstantial evidence has implicated viral
myocarditis and chronic alcoholism as the most
likely etiologic factors in many cases of primary
congestive cardiomyopathy {21, 29-31}. Many
viruses, including those in the influenza, polio-
myelitis, and Coxsackie-B groups, have a
known propensity for infecting the myocar-
dium and producing acute cardiac failure (acute
myocarditis). It has been documented that
acute myocarditis may progress into a subacute
or chronic disorder with features indistinguish-
able from those of idiopathic congestive cardio-
myopathy. In most cases of congestive cardio-
myopathy, however, proof of a preceding or
active viral infection cannot be obtained. The
incidence of congestive cardiomyopathy is
higher in chronic alcoholics than in the general
population. Only a small percentage of chronic
alcoholics, however, develop congestive cardio-
myopathy, and the heart disease tends to occur
in those alcoholics without severe liver disease.

The terms postpartum cardiomyopathy and peri-
partum cardiomyopathy are applied to congestive
cardiomyopathy which occurs within 3-5
months after childbirth or in the last trimester
to 3—5 months after childbirth, respectively
[64]1. A predisposition exists for women over
30 who have had three or more pregnancies.
Specific factors related to pregnancy, including
autoimmune phenomena, have been implicated
in the pathogenesis of peripartum cardiomyop-
athy, but there is no definitive evidence regard-
ing pathogenetic factors.

Another form of congestive cardiomyopathy
occurs in cancer patients treated with adriamy-
cin. An increased incidence of congestive car-
diomyopathy occurs in patients who have re-
ceived a total cumulative dose of 550 mg/m” of
the drug {251. Further study is needed regard-
ing the roles of chemical agents, including
drugs (Fig. 2-3), and immunologic phenomena
[32—371 in the genesis of congestive cardiomy-
opathy.

HYPERTROPHIC CARDIOMYOPATHY
Hypertrophic cardiomyopathy includes hyper-
trophic obstructive cardiomyopathy (HOCM)
and idiopathic hypertrophic subaortic stenosis
(IHSS). Most patients with clinicopathologic
features of hypertrophic cardiomyopathy have a
genetically induced disease which is inherited
as an autosomal dominant with incomplete pe-
netrance {67, 68}. Manifestations of typical hy-
pertrophic  cardiomyopathy include cardiac
murmur, reduced arterial pulse, angina, dys-
pnea, and sudden death {65, 69]. Laboratory
evaluation may reveal evidence of asymmetric
septal hypertrophy (ASH) and/or systolic ante-
rior motion (SAM) of the mitral valve [64].
Characteristic pathologic features include car-
diac hypertrophy without dilatation; left ven-
tricular hypertrophy with excessive thickening
of the ventricular septum (asymmetric septal
hypertrophy); a widespread disorganized ar-
rangement of muscle cells (muscle cell disar-
ray), primarily in the ventricular septum; en-
docardial fibrous plaque in the left ventricle
outflow tract; focal thickening of the anterior
leaflet of the mitral valve; and normal aortic
valve [66, 70].

Patients with hypertrophic cardiomyopathy
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frequently develop left ventricular outflow tract
obstruction which simulates valvular aortic ste-
nosis (hence the designation IHSS). Outflow
tract obstruction probably results from an ab-
normal pattern of ventricular contraction which
produces abnormal systolic anterior movement
of the anterior mitral leaflet toward the bulging
ventricular septum. The abnormal movement
of the mitral valve can also produce variable
degrees of mitral insufficiency. Anatomic
markers of the functional left ventricular out-
flow obstruction are the areas of fibrosis involv-
ing the anterior mitral leaflet and endocardium
of the left ventricular outflow tract. The abnor-
mally hypertrophied left ventricle also causes
resistance to ventricular filling (inflow resis-
tance), even when features of outflow tract ob-
struction are not prominent {65, 68]. Patients
may develop progressive congestive cardiac fail-
ure and ventricular dilatation late in the course
of the disease. Characteristic pathologic fea-
tutes, including asymmetric septal hypertrophy
and extensive muscle cell disarray, are still rec-
ognizable, even in the heart with end-stage hy-
pertrophic cardiomyopathy and ventricular dil-
atation.

The genetic basis of typical hypertrophic car-
diomyopathy is suggested by the high inci-
dence of a positive family history with this dis-
ease. In addition, the noninvasive clinical
technique of echocardiography has documented
the familial occurrence of asymmetric septal
hypertrophy in asymptomatic relatives of pa-
tients with clinical disease in over 90% of fam-
ilies studied {67}. Some features of inherited
hypertrophic cardiomyopathy, including asym-
metric septal hypertrophy, can rarely develop
in patients with other forms of heart disease,
including cardiac hypertrophy induced by se-
vere hypertension [68}. An important distin-
guishing feature of inherited hypertrophic car-
diomyopathy versus secondary hypertrophic
cardiomyopathy appears to be the presence of
extensive muscle cell disarray indicating an un-
usual pattern of myocardial hypertrophy {70}
An inherited pattern of abnormal response of
the myocardium to catecholamines beginning
during cardiac development has been suggested
as the basis for the development of asymmetric
left ventricular hypertrophy and extensive mus-

cle cell disarray in patients with hypertrophic
cardiomyopathy [68].

RESTRICTIVE (CONSTRICTIVE)
CARDIOMYOPATHY

Restrictive (constrictive) cardiomyopathy is a
rare form of cardiomyopathy which is charac-
terized by impaired diastolic ventricular filling
due to reduced compliance of the myocardium
[64, 65}. Restrictive cardiomyopathy fre-
quently mimics constrictive pericarditis clini-
cally. Patients typically show signs of elevated
central venous pressure without cardiomegaly.
Restrictive cardiomyopathy most commonly re-
sults from involvement of the heart by amy-
loidosis {711, and also can occur in cases of
hemochromatosis (although most cases of he-
mochromatosis have a congestive pattern) {72}
and on an idiopathic basis.

Some cases of cardiomyopathy are character-
ized by massive filling of the ventricular cavi-
ties by mural thrombi, necrosis and/or fibrosis
of the subendocardial myocardium, and vari-
able degrees of mitral or tricuspid valvular in-
sufficiency. These cases are sometimes desig-
nated as obliterative cardiomyopathy {65].
They occur with endomyocardial fibrosis of Af-
rica and with Loffler fibroplastic endocarditis
which is associated with chronic hypereosino-
philia syndromes.

MYOCARDIAL BIOPSY

Myocardial biopsy can be safely used to obtain
tissue from cardiomyopathy patients during life
{73, 741. Biopsy has been useful in the sepa-
ration of constrictive pericarditis from restric-
tive cardiomyopathy due to amyloidosis and
other causes. Muscle fiber disarray indicative of
hypertrophic cardiomyopathy can be identified,
but the diagnostic sensitivity is relatively low
because of the small sample size and focal na-
ture of the lesion {70}. Myocardial biopsy also
is useful in identification and staging of trans-
plant rejection and adriamycin cardiotoxicity
[73, 74]. In most cases, however, biopsy re-
veals nonspecific changes of hypertrophy and
myocyte degeneration, and a specific etiologic
diagnosis cannot be made. A recent area of in-
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terest is the identification of a subgroup of pa-
tients with active inflammation in myocardial
tissue obtained at biopsy {74, 75}. Current
studies are underway to evaluate the thera-
peutic efficacy of treatment of these patients
with steroids or other antiinflammatory agents

{74-76}.

ANIMAL MODELS

Most animal models of cardiac hypertrophy and
failure have involved the imposition of a hemo-
dynamic overload {77}. As previously men-
tioned, much information regarding acute toxic
and viral injury has come from animal models,
but documentation that these acute insults lead
to chronic cardiomyopathy is often unavailable.
Two extensively studied models of chronic dis-
ease are the cardiomyopathic Syrian hamster
and adriamycin cardiotoxicity.

Summary

This chapter has summarized important patho-
logic responses of the heart to injury. These re-
sponses are involved in complex and often
poorly understood ways in the development of
cardiomyopathy. Much further work is needed
to establish the causes and mechanisms of pro-

gression of the various types of cardiomyopa-
thies.
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3. ELECTRICAL PROPERTIES OF CELLS
AT REST AND MAINTENANCE OF
THE ION DISTRIBUTIONS

Nicholas Sperelakis

Introduction

Cardiac muscle is a unique excitable tissue.
The peculiar electrical properties of heart mus-
cle determine the special mechanical properties
of the heart, enabling it to serve as an effective
pump for circulating the blood. The entire
ventricle is rapidly activated, within several
hundredths of a second, by virtue of the rapidly
conducting (2—3 m/s) specialized Purkinje fiber
system and by rapid propagation (0.3—0.4 m/s)
through the myocardium. The ventricular
myocardium normally contracts in an all-or-
none manner because of the rapid spread of ex-
citation throughout the muscle. Cardiac muscle
cannot normally be tetanized because of the
long functional refractory period resulting from
the long-duration action potential. The long-
duration plateau component of the action po-
tential allows the mechanical active state to be
maximally developed and maintained for a suf-
ficiently long period.

The pumping action of the heart can be
increased when required or decreased when
conditions permit by various mechanisms, in-
cluding release of the neurotransmitters, nor-
epinephrine and acetylcholine, at the auto-
nomic nerve terminals and by action of cir-
culating hormones or autacoids (e.g., angioten-
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sin-II, histamine). Cardiac output can be in-
creased by increasing heart rate (by increasing
automaticity of the normal pacemaker for the
heart, the SA node), and by increasing the
force of contraction of the ventricles. In addi-
tion to the Starling mechanism, one key mech-
anism for increasing force of contraction is by
increasing the number of Ca®" slow channels
in the cell membrane available for voltage ac-
tivation, and hence increasing the Ca’" ion in-
flux per each cardiac cycle. A greater Ca’"
influx causes a greater activation of the contrac-
tile machinery.

It is obvious then that the cell membrane
exerts tight control over the contractile ma-
chinery during the process of excitation—con-
traction coupling (or electromechanical cou-
pling). In addition, numerous drugs and toxins
exert primary or secondary effects on the elec-
trical properties of the cell membrane, and
thereby exert effects on automaticity, arrhyth-
mias, and force of contraction. Therefore, for
an understanding of the mode of action of car-
dioactive and cardiotoxic agents, neurotrans-
mitters, hormones, and plasma electrolytes on
the electrical and mechanical activity of the
heart, it is necessary to understand the electri-
cal properties and behavior of the myocardial
cell membrane at rest and during excitation.
The first step in gaining such an understanding
is to examine the electrical properties of myo-
cardial cells at rest, including the origin of the
resting membrane potential. The resting po-
tential and action potential are the direct result
of special properties of the cell membrane.
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TABLE 3-1. Comparison of the resting potentials and action

potentials of cells in different regions of the mammalian heart.

Ventricular Sinoatrial Atrioventricular Purkinje
Parameter cell Atrial cell nodal cell nodal cell fiber
Resting potential (mV) —80 to 90 —80 to 90 —50 to 60 —60 to 70 —90 to 95
Action potential
Magnitude (mV) 110-120 110-120 60-70 70-80 120
Overshoot (mV) 30 30 0-10 5—-15 30
Duration (ms) 200-300 100-300 100-300 100-300 300-500
Maximal rate of rise (V/s) 100-200 100-200 1-10 5-15 500-700
Propagation velocity (m/s) 0.3-0.4 0.3-0.4 <0.05 0.1 2-3
Fiber diameter (um) 10-16 10-15 5-10 5~-10 100

The action potential duration is about 120 ms in avian heart and about 400~500 ms in amphibian heart. In any species, the duration is a function of
heart rate and temperature. The propagation velocity at the atrial-atrioventricular nodal junction is considerably less than in the atrioventricular node
proper. Cell length is about 100-200 wm for myocardial cells. Adapted from Sperelakis {3}].

Some of the electrical characteristics of the cells

of the various tissues of the heart are summa-
rized in table 3—1.

Passive Electrical Properties
and Cable Properties

MEMBRANE STRUCTURE AND COMPOSITION

The cell membrane is composed of a bimolec-
ular leaflet of phospholipid molecules (e.g.,
phosphatidylcholine and phosphatidylethano-
lamine) sandwiched inbetween two layers of ad-
sorbed protein. The nonpolar hydrophobic ends
of the phospholipid molecules project toward
the middle of the membrane, and the polar hy-
drophilic ends project toward the edges of the
membrane bordering on the water phases (fig.
3—1). This orientation is thermodynamically fa-
vorable. The cell membrane is about 70—100 A
thick, and the phospholipid molecules are
about the right length (30-40 A) to stretch
across half of the membrane thickness. Choles-
terol molecules are also in high concentration
in the cell membrane (of animal cells), giving
a phospholipid—cholesterol ratio of about 1.0,
and are inserted inbetween the phospholipid
molecules. Large protein molecules are also in-
serted in the lipid bilayer matrix. Some pro-
teins protrude through the entire membrane
thickness, e.g., the (Na, K)-ATPase and the
various ion channel proteins, whereas other
proteins are inserted into one leaflet (inner or

outer) only, e.g., neurotransmitter receptors
and adenylate cyclase enzyme. These proteins
“float” in the lipid bilayer matrix, and the
membrane has fluidity (reciprocal of microvis-
cosity) such that the protein and lipid mole-
cules can move around laterally in the plane of
the membrane.

The outer surface of the cell membrane is
lined with strands of mucopolysaccharides (the
cell coat) that endow the cell with immuno-
chemical properties. The cell coat is highly
charged negatively, and therefore can bind cat-
ions, such as Ca’" ion. Treatment with neura-
minidase, to remove sialic acid residues, de-
stroys the cell coat.

MEMBRANE CAPACITANCE AND RESISTIVITY
Lipid bilayer membranes of the Mueller—Rudin
type made artificially have a specific membrane
capacitance (C,,) of 0.4—1.0 wF/cm®, which is
close to the value for biologic membranes; that
is, capacitance of myocardial cell membranes is
due to the lipid bilayer matrix. Calculation of
membrane thickness (8) from the equation for
capacitance for a measured membrane capaci-
tance (C,,) of 0.7 p.F/cmz, and assuming a di-
electric constant (€) of 5, gives 63 A:

c = €A, 1
" d 4wk

where A, is the membrane area (in cm?) and k
is a constant (9.0 X 10! cm/F). Most oils
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FIGURE 3-1. Diagrammatic illustration of cell membrane substructure showing the lipid bilayer. Nonpolar hydrophobic
tail ends of the phospholipid molecules project toward the middle of the membrane, and polar hydrophilic heads border
on the water phase at each side of the membrane. Lipid bilayer is about 50100 A thick. For simplicity, the cholesterol
molecules are not shown. Large protein molecules protrude through entire membrane thickness or are inserted into one
leaflet only, as illustrated. These proteins include various enzymes associated with the cell membrane as well as mem-
brane ionic channels. Membrane has fluidity, so that the protein and lipid molecules can move around in the plane of
the membrane and fluorescent probe molecules inserted into the hydrophobic region of the membrane have freedom to

rotate. Adapted from Singer and Nicolson {42].

have dielectric constants of 3—5. The more di-
polar the material, the greater the dielectric
constant (e.g., water has a value of 81).

The artificial lipid bilayer membrane, on the
other hand, has an exceedmgly high ionic resis-
tivity (Ry,) of 10°-10° Q-cm® , which is several
orders of magnitude higher than the biologic
cell membrane (about 10> Q-cm?). But if the
bilayer is doped with certain substances, such
as macrocyclic-polypeptide antibiotics (known
as ionophores), R, is greatly lowered. (The
added ionophores may be of the ion-carrier
type, such as valinomycin; or of the channel-
former type, such as gramicidin.) Therefore,
the presence of proteins that span across the
thickness of the cell membrane must account
for the relatively low resistance of the biologic
cell membrane. These proteins include those
associated with the voltage-dependent gated
ion channels of the excited membrane, and the
voltage-independent ungated ion channels of
the resting membrane. To repeat, the C,, com-
ponent is due to the lipid bilayer matrix, and
the R, component is due to the proteins in-
serted into the lipid bilayer.

MEMBRANE FLUIDITY
Thus, the electrical properties and the ion
transport properties of the cell membrane are

determined by the molecular composition of
the membrane. The lipid bilayer matrix even
influences the function of the membrane pro-
teins, e.g., the (Na, K)-ATPase activity is af-
fected by the surrounding lipid. A high choles-
terol content lowers the fluidity of the
membrane, and a high degree of unsaturation
and branching of the tails of the phospholipid
molecules raises the fluidity; chain length also
affects fluidity. The polar portion of cholesterol
lodges in the hydrophilic part of the mem-
brane, and the nonpolar part of the planar cho-
lesterol molecule is wedged inbetween the fatty
acid tails, thus restricting their motion and
lowering fluidity. Phospholipids with unsatu-
rated and branched-chain fatty acids cannot be
packed tightly because of steric hindrance due
to their greater rigidity; hence such phospho-
lipids increase membrane fluidity. Low temper-
ature decreases membrane fluidity, as might be
expected. Ca’* and Mg®" may diminish the
charge repulsion between the phospholipid
head groups; this allows the bilayer molecules
to pack more tightly, thereby constraining the
motion of the tails and reducing fluidity. The
density of packmg of the phospholipid tails is
about 20-30 A? per chain, and the average
packing of the head group is about 60 A [1}.
Membrane fluidity changes occur in muscle de-
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velopment and in certain disease states, such as
cancer, muscular dystrophy (Duchenne type),
and myotonic dystrophy.

The hydrophobic portion of local anesthetic
molecules may interpose between the lipid
molecules; this separates the acyl chain tails of
the phospholipid molecules further, reducing
the Van der Waals forces of interaction be-
tween adjacent tails, and so increasing the flu-
idity of the membrane. Local anesthetics are
known to depress the resting conductance of
the membrane for K™ and Na™ and to depress
the voltage-dependent changes in gy, and gg,
and the anesthetics also depress the voltage-de-
pendent slow-cation channels; that is, the local
anesthetics produce a nonselective depression of
most conductances of the resting and the ex-
cited membrane. This depression presumably
could come about indirectly by the anesthetics’
effect on the fluidity of the lipid matrix. At the
concentration of local anesthetics that is re-
quired to completely block excitability, the es-
timated concentration of local anesthetic mole-
cules in the lipid bilayer is more than 100,000/
Mmz. The depression of the (Na, K)-ATPase
activity by local anesthetics [2}] also could be
explained by an effect on the fluidity of the

FIGURE 3-2. Intracellular and extracellular ion distribu-
tions in a vertebrate myocardial cell. Also given are po-
larity and magnitude of the resting potential. Arrows give
direction of the net electrochemical gradient. Invaginat-
ing transverse (T) tubules found in mammalian ventricu-
lar cells are continuations of the cell surface membrane
into the cell interior. Na*-K* pump is located in the
cell surface and the T-tubule membranes. A Ca-ATPase/
Ca pump, similar to that in the SR, may be located in
the cell membrane. A Ca-Na exchange carrier is located
in the cell membrane. Redrawn from Sperelakis {31.

lipid matrix, although a direct effect on the
protein enzyme is also possible.

Ion Distributions and Their Maintenance

ION DISTRIBUTIONS

The transmembrane resting potential in the
atrial and ventricular myocardial cells is about
—80 mV. The resting potential or maximum
diastolic potential in the Purkinje fibers is
somewhat greater (about —90 mV), whereas
that in the nodal cells is lower (about — 60
mV). The ionic composition of the extracellular
fluid bathing the heart cells is similar to that
of the blood plasma. It is high in Na™ (about
145 mM) and Cl~ (about 120 mM), but low
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in K* (about 4 mM). The free Ca’* concentra-
tion is about 2 mM. In contrast, the intracel-
lular fluid has a low concentration of Na™
(about 15 mM or less) and C1~ (about 6 mM),
but a high concentration of K™ (about 150
mM). The free intracellular Ca’" concentration
([Cal) is about 107 M or less, but during con-
traction it may rise as high as 10> or 10 *M.
The total intracellular Ca’* is much higher
(about 2 mmol/kg), but most of this is bound
to molecules such as proteins or is sequestered
into compartments such as mitochondria and
the sarcoplasmic reticulum (SR). Most of the
intracellular K7 is free, and it has a diffusion
coefficient only slightly less than K™ in free
solution. Thus, under normal conditions, the
myocardial cell maintains an internal ion con-
centration markedly different from that in the
medium bathing the cells, and it is these ion
concentration differences that underlie the rest-
ing potential and excitability. The ion distri-
butions and related pumps are depicted in fig-
ure 3-2.

Na-K PUMP

The intracellular ion concentrations are main-
tained differently from those in the extracellu-
lar fluid by active ion transport mechanisms that
expend metabolic energy to push specific ions
against their concentration or electrochemical
gradients. These ion pumps are located in the
cell membrane at the cell surface and probably
also in the transverse tubular membrane. The
major ion pump is the Na-K-linked pump,
which pumps Na* out of the cell against its
electrochemical gradient while simultaneously
pumping K* in against its electrochemical
gradient (fig. 3—2). The coupling of Na™ and
K™ pumping is obligatory, since in zero [K],
the Na* can no longer be pumped out. The
coupling ratio of Na”™ pumped out to K*
pumped in may vary from 3:3 to 3:2 to 3:1,
with the 3:2 ratio being the most common.
When the ratio is 3:3, the pump is electrically
neutral or nonelectrogenic: a potential differ-
ence (PD) across the membrane is not directly
produced because the pump pulls in one posi-
tive charge (K") for every positive charge
(Na™) it pushes out. When the ratio is 3:2,
the pump is electrogenic and directly produces

a PD that causes the membrane potential (E,;)
to be greater (more negative) than it would be
otherwise (on the basis of the ion concentration
gradients and relative permeabilities or net dif-
fusion potential {Egg] alone.) Under normal
steady-state conditions, the contribution of the
Na® electrogenic pump potential (Ve to Ep,
in myocardial cells is only a few millivolts.

The driving mechanism for the Na-K pump
is a membrane ATPase, the (Na, K)-ATPase,
that requires both Na® and K" ions for acti-
vation. This enzyme requires Mg®" for activ-
ity, and it is inhibited by Ca**. ATP, Mg*",
and Na™ are thus required at the inner surface
of the membrane, and K" is required at the
outer surface. A phosphorylated intermediate of
the (Na, K)-ATPase occurs in the transport cy-
cle, its phosphorylation being Na™ dependent
and its dephosphorylation being K™ dependent
(for references, see Sperelakis {31). The pump
enzyme usually drives three Na' ions in for
each ATP molecule hydrolyzed. The (Na, K)-
ATPase is specifically inhibited by the cardiac
glycosides acting on the outer surface. The
pump enzyme is also inhibited by sulfhydryl
reagents (such as N-ethylmaleimide, mercurial
diuretics, and ethacrynic acid), thus indicating
that the SH groups are crucial for activity.

Blockade of the Na-K pump produces only a
small immediate effect on the resting E.: a
small depolarization of about 2—6 mV, repre-
senting the contribution of V., to E,. Excita-
bility and the generation of an action potential
(AP) are only slightly affected at short times:
excitability is independent of active ion trans-
port. However, over a period of many minutes,
depending on the ratio of surface area to vol-
ume of the cell, the resting E, slowly declines
because of gradual dissipation of the ionic gra-
dients. The progressive depolarization depresses
the rate of rise of the AP and hence the propa-
gation velocity, and eventually all excitability
is lost. Thus, a large resting potential and ex-
citability, although not immediately dependent
on the Na-K pump, are ultimately dependent
on it.

The rate of Na-K pumping in myocardial
cells must change with the heart rate in order
to maintain the intracellular ion concentrations
relatively constant, because a higher frequency
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of APs results in a greater overall movement of
ions down their electrochemical gradients
(e.g., the cells tend to gain Na*t, Cl7, and
Ca’" and to lose K*), and these ions must be
repumped. The factors that control the rate of
Na-K pumping include {Na}; and {K]y. In cells
that have a large surface area to volume ratio
(such as small diameter heart cells), [Na}; may
increase by a relatively large percentage during
a train of APs, and this would stimulate the
pumping rate. Likewise, an accumulation of
K™ externally would stimulate the pump (the
K, for K is about 2 mM).

Cl™ DISTRIBUTION

In many invertebrate and vertebrate nerve or
muscle cells, Cl™ ion does not appear to be ac-
tively transported: that is, there is no Cl~ ion
pump. In such cases, Cl~ distributes itself pas-
sively (no energy used) in accordance with
E.:Ec, becomes equal to E, if the cell is at
rest. In mammalian myocardial cells, Cl ™ also
seems to be close to passive distribution be-
cause [Cl}; is at (or only slightly above) the
value predicted by the Nernst equation from
the resting E, (for references, see Sperelakis
[3]D). When passively distributed, [Cl}; is low
because the negative potential inside the cell
(the resting potential) pushes out the nega-
tively charged Cl~ ion until the Cl™ distribu-
tion is at equilibrium with the resting E.
Hence, for a resting E;, of —80 mV, and tak-
ing {Cl], to be 120 mM, {Cl}; would be a 5.9
mM {E, = +61 mV log (CII/[Cllpl
However, during the AP, the inside of the cell
goes in a positive direction, and a net Cl™ in-
flux (outward Cl~ current, I¢) will occur and
thus increase {Cl};. The magnitude of the Cl~
influx depends on the C1~ conductance (g¢)) of
the membrane [I¢; = g (E,, — Ec)}. Thus,
the average level of [Cl}; in myocardial cells of
the beating heart should depend on the fre-
quency and duration of the AP, that is, on the
mean E, averaged over many AP cycles.

Ca’* DISTRIBUTION

Need for Calcium Pumps. For the positively
charged Ca’" ion, there must be some mecha-
nism for removing Ca’" from the myoplasm;

otherwise the myocardial cell would continue
to gain Ca’ " until there was no electrochemical
gradient for net influx of Ca’*. This would oc-
cur until the free [Cal; in the myoplasm was
even greater than that outside (2 mM), because
of the negative potential inside the cell. There-
fore, there must be one or more Ca’* pumps
in effect. The SR membrane contains a Ca®*-
activated ATPase (which also requires Mg2 *)
that actively pumps Ca’" from the myoplasm
into the SR lumen at the expense of ATP, and
is capable of pumping down the Ca’" to less
than 1077 M. This sequestration of Ca’* by
the SR is essential for muscle relaxation. (The
mitochondria also can actively take up Ca’* {to
about the same degree as the SR}, but this
Ca”>* pool probably does not play an important
role in normal excitation—contraction coupling
processes.) However, the resting Ca’* influx
and the extra Ca’" influx that enters with each
AP must be returned to the interstitial fluid.
Several mechanisms have been proposed for this
(for references, see Sperelakis [3]): (a) a Ca-
ATPase, similar to that in the SR, may be
present in the sarcolemma, and (b) a Ca-Na ex-
change occurs across the cell membrane.

It has been reported {4, 5] that there is a
Ca-ATPase in the sarcolemma of myocardial
cells that actively transports Ca’" outward
against an electrochemical gradient, utilizing
ATP in the process. A similar conclusion was
reached for smooth muscle {6}. In cardiac mus-
cle, it has been speculated that Ca’" seques-
tered into the SR network may be transported
across the junctional coupling formed between
the junctional SR and the sarcolemma. This
would allow a more direct reequilibration of
the Ca’" taken up by the SR with the ISF
space.

Ca-Na Exchange Reaction. The Ca-Na ex-
change reaction exchanges one internal Ca’*
ion for 2, 3, or 4 external Na™ ions via a mem-
brane carrier molecule (for references, see Sper-
elakis {3]) (fig. 3—2). This reaction is facilitated
by ATP, but ATP is not hydrolyzed. Instead,
the energy for the pumping of Ca’* against its
large electrochemical gradient comes from the
Na* electrochemical gradient. That is, the
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FIGURE 3-3. Electrical equivalent circuits for a myocardial cell membrane at rest (A and B) and during excitation (C).
(A) Membrane as a parallel resistance—capacitance circuit, the membrane resistance (R,,) being in parallel with the
membrane capacitance (C,,). Resting potential (E,,) is represented by an 80-mV battery in series with the membrane
resistance, the negative pole facing inward. (B) Membrane resistance is divided into its four component parts, one for
each of the four major ions of importance: K*, Cl, Na*, and Ca?". Resistances for these ions (Rg, Ry, Rua, and Re,)
are parallel to one another, and represent totally separate and independent pathways for permeation of each ion through
the resting membrane. These ion resistances are depicted as their reciprocals, namely, ion conductances (g, &ci» &Nas
and g¢,). Equilibrium potential for each ion (e.g., Ex), determined solely by the ion distribution in the steady state and
calculated from the Nernst equation, is shown in series with the conductance path for that ion. Resting potential of
—80 mV is determined by the equilibrium potentials and by the relative conductances. (C) Equivalent circuit is furcher
expanded to illustrate that for the voltage-dependent conductances there are at least two separate K *-conductance path-
ways (labeled here g& and gi). Arrowheads in series with the K* conductances represent rectifiers, the arrowhead points
giving the direction of least resistance to current flow. Thus gg allows K* flux to occur more readily in the ourward
direction (so-called outwardly directed rectification, whereas gk allows K* flux to occur more readily in the inward
direction (mwardly directed rectification). There are two separate Na*-conductance pathways, one a kinetically fast Na™
conductance (gl,) and the other a kmetlcally slow Na™ conductance (gy,). In addition, there is a nonspeciﬁc kinetically
slow pathway that allows both Na™ and Ca’* to pass through, perhaps by competition with one another. Ca ** _selective
pathway (gt,) is also kinetically slow. Arrows drawn through the resistors represent that the conductances are variable,
depending on membrane potential and time. The three types of slow channels are not necessarily all present in any one
type of cell. Redrawn from Sperelakis [3].

uphill transport of Ca’* is coupled to the  rectly proportional to its electrochemical gra-
downhill movement of Na™. Effectively, the dient, namely, AGe, = 2zF(E, — Eg). The
energy required for this Ca’" movement is de-  energy available from the Na™ distribution is
rived from the (Na, K)-ATPase. Thus, the directly proportional to its electrochemical gra-
Na-K pump, which uses ATP to maintain the  dient {AGy, = zF(E, — Ey,)}. Depending on
Na™ electrochemical gradient, indirectly helps the exact values of [Na}; and [Ca}; at any time
to maintain the Ca’* electrochemical gradient.  during the cardiac cycle, the energetics would
Hence, the inward Na™ leak is greater than it  be adequate for an exchange ratio of 2 Na™

would be otherwise. The energy cost (AGe,, in Ca’* or 3 Na*:1 Ca’*. An exchange ratio of
joules/mol) for pumping out Ca’* ion is di-  2:1 would be electroneutral, whereas a ratio of
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3:1 would produce a small depolarization (un-
less the three Na* ions were accompanied by a
univalent counter-ion such as Cl ™). The ex-
change reaction depends on relative concentra-
tions of Ca’* and Na™ on each side of the
membrane and on relative affinities of the bind-
ing sites to Ca’" and Na™. Because of this Ca-
Na exchange reaction, whenever the cell gains
Na® it will also gain Ca’" because the ex-
change reaction becomes slowed (e.g., the Na*
electrochemical gradient is reduced). In addi-
tion, when an elevated [Na}; occurs, some of
the exchange carriers will exchange the ions in
reverse (internal Na® for external Ca’*) and
thus increase Ca’" influx. The net effect of
both mechanisms is to elevate {Cal;. The Ca-
Na exchange process has been proposed as the
mechanism of the positive inotropic action of
cardiac glycosides. A complete discussion of
the Ca-Na exchange is given in chapter 10.

Equilibrium Potentials

For each ionic species distributed unequally
across the cell membrane, an equilibrium po-
tential (E;) or battery can be calculated for that
ion from the Nernst equation (for 37°C): E; =
— 61 mV/z log (C/Cy)} where C; is the internal
concentration of the ion, C, is the extracellular
concentration, and z is the valence (with sign).
The Nernst equation gives the PD (electrical
force) that would exactly oppose the concentra-
tion gradient (diffusion force). Only very small
charge separation (Q, in coulombs) is required
to build up a very large PDE,, = Q/C,,
where C,, is the membrane capacitance). For
the ion distributions given previously, the ap-
proximate equilibrium potentials are Ey, =
+60 mV, Ec, = +129 mV, Ex, = —94
mV, and Eq; = —80 mV (fig. 3-3). The sign
of the equilibrium potential gives the direction
of the concentration gradient, with the side of
higher concentration being negative for posi-
tive ions (cations) and positive for negative ions
(anions). Any ion whose equilibrium potential
is different from the resting potential (—80
mV) is off equilibrium, and therefore must ef-
fectively be pumped at the expense of energy.
In the myocardial cell, only Cl™ ion appears to
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FIGURE 3—4. (Upper diagram) Concentration cell diffusion
potential developed across artificial membrane containing
negatively charged pores. The membrane is impermeable
to Cl~ ions, but permeable to cations such as Na*. Con-
centration gradient for Na™ causes a potential to be gen-
erated, the side of higher Na™ concentration becoming
negative. (Lower diagram) Expanded diagram of a water-
filled pore in the membrane, showing the permeability to
Na* ions, but lack of penetration of Cl~ ions. Potential
difference is generated by charge separation, a slight ex-
cess of Na* ions being held close to the right-hand sur-
face of the membrane; a slight excess of Cl™ ions is plas-
tered up close to the left surface. From Sperelakis [3].

be at or near equilibrium, whereas Na™, Ca’t,
and K™ are actively transported. Extensive dis-
cussion of concentration cells and diffusion is
given by Sperelakis {3}, and the mechanisms
for development of the equilibrium potential is
depicted in figure 3—4 and discussed in its leg-
end.

Electrochemical Driving Forces and
Membrane lonic Currents

The electrochemical driving force for each spe-
cies of ion is the algebraic difference between
its equilibrium potential, E;, and the mem-
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FIGURE 3-5. Representation of the electrochemical driv-
ing forces for Na*, Ca’t, K", and Cl™. Equilibrium
potentials for each ion (e.g., Ey,) are positioned vertically
according to their magnitude and sign; they were calcu-
lated from Nernst equation for given set of extracellular
and intracellular ion concentrations. Measured resting po-
tential is assumed to be —80 mV. Electrochemical driv-
ing force for an ion is the difference between its equilib-
rium potential (E;) and the membrane potential (E,), that
is (E; — E,). Thus, at rest, the driving force for Na* is
the difference between Ey, and the resting E,; if Ey, is
+60 mV and resting E., is —80 mV, the driving force
is 140 mV; that is, the driving force is the algebraic sum
of the diffusion force and the electrical force, and is rep-
resented by the length of the arrows in the diagram.
Driving force for Ca** (about 210 mV) is even greater
than that for Na®, whereas that for K¥ is much less
(about 14 mV). Direction of the arrows indicates the di-
rection of the net electrochemical driving force, namely,
the direction for K is outward, whereas that for Na*
and Ca’" is inward. If C1™ is passively distributed, then
its distribution across the cell membrane can only be de-
termined by the net membrane potential; for a cell sitting
a long time at rest, Ec; = E,, and there is no net driving
force. Redrawn from Sperelakis {3].

brane potential, E.,. The total driving force is
the sum of two forces: an electrical force (e.g.,
the negative potential in the cell tends to pull
in positively charged ions) and a diffusion force
(based on the concentration gradient) (fig.
3-5). Thus, in a resting cell, the driving force
for Na™ is (E, — Ex) = —80 mV — (—60
mV) = —140 mV. The negative sign means
that the driving force is directed to bring about
net movement of Na™ inward. The driving

force for Ca’* is (E,, — Ec) = —80 mV —
(+129 mV) = —209 mV. The driving force
for K" is (E, — Ex) = —80 mV — (—9%4

mV) = + 14 mV; hence, the driving force for
K" is small and directed outward. The driving
force for Cl~ is zero for a cell at rest: (E,, —
Ec) = —80 mV — (—80 mV) = 0. How-
ever, during the AP, when E_, is changing, the
driving force for Cl™ is not zero, and there is a
net driving force for inward Cl~ movement.
Similarly, the driving force for K¥ outward
movement increases during the AP, whereas
those for Na* and Ca’" decrease.

The net current for each ionic species (I)) is
equal to its driving force times its conductance
(gi, reciprocal of the resistance) through the
membrane. This is essentially Ohm’s law, [ =
V/R = g+ V, modified for the fact that in an
electrolytic system the total force tending to
drive net movement of a charged particle must
take into account both the electrical force and
the concentration (or chemical) force. Thus, for
the four ions, the net current can be expressed
as INa = &Na (Em - ENa)y ICa = &ca (Em
Ecd, Ik = gk (En Ex), and I = ga
(Em — Eq). In a resting cell, CI~ and Ca’”"
can be neglected, and the Na® current (in-
ward) must be equal and opposite to the K*
current (outward) in order to maintain a steady
resting potential: Ix = —Iy,. Thus, although
in the resting membrane the driving force for
Na® is much greater than that for K", gg is
much larger than gy, so the currents are equal.
Hence, there is a continual leak of Na™ inward
and K" outward even in a resting cell, and the
system would run down if active pumping were
blocked. Since the ratio of the Na™/K™ driv-
ing forces (— 140 mV/— 14 mV) is 10, the ra-
tio of conductances (gn./gx) will be about
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1:10. The fact that gx is much greater than
gna accounts for the resting potential being
close to Ex and not Ey,.

The myocardial membrane has at least two
separate voltage-dependent K* channels (fig.
3-3C). One allows K" ion to pass more readily
inward (against the usual net electrochemical
gradient for K™) than outward, the so-called
inward-going rectifier. This ungated channel is
responsible for anomalous rectification, and in-
stantaneously decreases its conductance upon
depolarization and increases its conductance
with repolarization. The second type of volt-
age-dependent K™ channel is similar to the
usual K* channel found in other excitable
membranes, which slowly opens (increasing to-
tal gg) upon depolarization, the so-called de-
layed rectifier. This channel allows K™ to pass
more readily outward (down the usual electro-
chemical gradient for K*) than inward, and so
is also known as the outward-going rectifier.
This delayed rectifier channel turns on much
more slowly than in nerve or skeletal muscle.
The activation of this channel produces the
large increase in total gx that terminates the
cardiac AP.

Determination of Resting Potential and Net
Diffusion Potential (E )

For given ion distributions, which normally re-
main nearly constant under usual steady-state
conditions, the resting potential is determined
by the relative membrane conductances (g) or
permeabilities (P) for Na* and K ions. That
is, the resting potential (of about —80 mV) is
close to Ex (about —94 mV) because gx >>
&na of Px >> Py,. From simple circuit analy-
sis (using Ohm’s law and Kirchhoff's laws), one
can prove that this should be true. Therefore,
the membrane potential will always be closer
to the battery (equilibrium potential) having
the lowest resistance (highest conductance) in
series with it (figs. 3—3 and 3-5). In the rest-
ing membrane, this battery is Ex, whereas in
the excited membrane it will be Ey, (or Ec,)
because there is a large increase in gy, (and gc,)
during the AP. Any ion that is passively dis-
tributed cannot determine the resting poten-
tial; instead, the resting potential determines

the distribution of that ion. Therefore, Cl~
drops out of the consideration for myocardial
cells because it seems to be passively distrib-
uted. (However, transient net movements of
Cl ™ across the membrane do influence E_. For
example, washout of C1~ from the cell (in Cl ™ -
free solution) produces a transient depolariza-
tion, and reintroduction of Cl~ produces a
small in myocardial cells.) Because of its rela-
tively low concentration coupled with its rela-
tively low resting conductance, the Ca’" dis-
tribution has only a relatively small effect on
the resting E,,, and so it can be ignored.
Therefore, a simplified version of the Gold-
man—Hodgkin—Katz constant-field equation
can be given (for 37° C):

[K} + Pn./Px [Na};
[Kl, + Pn./Pk [Na}o

E.= —61mViIn

This equation shows that for a given ion distri-
bution, the resting E,, is determined by the
Pno/Px ratio, the relative permeability of the
membrane to Na® and K*. There is a direct
proportionality between Pk and gk and between
Pn. and gy, at constant E_, and concentrations.
For myocardial cells, the Py,/Px ratio is about
0.05.

Inspection of the constant-field equation
shows that the numerator of the log term will
be dominated by the {K}; term [since (Pn./Pk)
[Nal; will be very small}, whereas the denomi-
nator will be affected by both the {K}l, and
(Pno/Pk) [Nalp terms. This relationship thus
accounts for the deviation of the E, versus log
[K], curve from a straight line (having a slope
of 61 mV/decade) in normal Ringer solution
(fig. 3-6). When {[K}, is elevated ([Nal, re-
duced by an equimolar amount), the denomi-
nator becomes more and more dominated by
the [K}, term and less and less by the (Pyn./Pk)
[Na}, term. Therefore, in bathing solutions of
high K*, the constant-field equation ap-
proaches the simple Nernst equation for K™,
and E., approaches Ex. As [K], is raised, Eg
becomes correspondingly reduced since [K};
stays relatively constant; therefore, the mem-
brane becomes more and more depolarized (fig.

3-6).
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An alternative method of approximating the
resting potential is by the chord-conductance
equation:

E, = —*& _f, 4 SN
gkt gna gk t gna

Exa

This equation can be derived simply from
Ohm’s law and circuit analysis for the condi-
tion when net current is zero. The chord-con-
ductance equation again illustrates the impor-
tant fact that the ratio gx/gn. determines the
resting potential. When gx >> gy., then E_,
is close to Eg; conversely, when gy, >> gk (as
during the spike part of the cardiac AP), E,
shifts to close to Ey,.

When [K}, is elevated (e.g., to 10 mM) in
some cells, a hyperpolarization of up to about
10 mV may be produced. Such behavior is of-
ten observed in cells with a high Py,/Pk ratio
(due to low Pg) and therefore a low resting E,,
such as in young embryonic hearts. This hyper-
polarization could be explained by several fac-
‘ors: (a) stimulation of the electrogenic Na™
>ump (V,), (b) an increase in Py (and therefore

FIGURE 3-6. Theoretical curves calculated from the Gold-
man constant-field equation for resting potential (E_)
as a function of [K},. Family of curves is given for various
Pno/Px ratios (0.001, 0.01, 0.05, 0.1, and 0.2). K*
equilibrium potential (Eg) calculated from the Nernst
equation (broken straight line). Curves calculated for a
{K}; of 150 mM and a {Na}; of 15 mM. Calculations
made holding {Kl, + [Na}, constant at 154 mM; i.e.,
as [K], was elevated, [Na], was lowered by an equimolar
amount. Change in Py as a function of {K], was not taken
into account for these calculations. Point at which E_, is
zero gives [K};. The potential reverses in sign when [K},
exceeds [K};. Modified from Sperelakis [31.

gx), and (c) an increase in g (but not Py) due
to the concentration effect.

Inhibition of the Na-K pump will gradually
run down the ion concentration gradients. The
cells lose K™ and gain Na*, and therefore Ex
and Ey, become smaller. The cells thus become
depolarized (even if the relative permeabilities
are unaffected), which causes them to gain Cl~
and therefore also water (cells swell). In sum-
mary, in the presence of ouabain (short-term
exposure only) to inhibit V,,, the resting po-
tential or net diffusion potential Eyg is deter-
mined by the ion concentration gradients for
K" and Na* and by the relative permeability
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for K* and Na". When the Na-K pump is
operating, there is normally a small additional
contribution of V,, to the resting E,, of about
3—6 mV in myocardial cells.

Electrogenic Sodium Pump Potentials

The Na-K pump is responsible for maintaining
the cation concentration gradients. The diffu-
sion potentials for K™ (Eg) and Na® (Ey,) are
about —94 mV and +60 mV, respectively.
The resting potential value is usually near Eg,
because the K permeability (Px) is much
greater than Py, in a resting membrane. The
exact resting membrane potential (E.) depends
on the Py,/Py ratio, myocardial cells having
Pno/Pk ratios of 0.01-0.05, whereas smooth
muscle or nodal cells of the heart have a ratio
closer to 0.15. In the various types of heart
cells, the resting E_, has a smaller magnitude
(i.e., is less negative) than Ex by 10-30 mV.
Therefore, although it would appear that there
were no electrogenic pump potential contribu-
tion to the resting potential (that is, as though
the Na-K pump could be only indirectly re-
sponsible for the resting potential by its role in
producing the ionic gradients), a direct contri-
bution of the pump to the resting E,, can be
demonstrated. For example, if the Na-K pump
is blocked by the addition of ouabain, there
usually is an immediate depolarization of 3-8
mV, depending on the type of heart cell. That
is, the contribution of an electrogenic pump to
the measured resting E., is small under physi-
ologic conditions.

But under conditions in which the pump is
stimulated to pump at a high rate—e.g., when
[Na}l is abnormally high—the direct electro-
genic contribution of the pump to the resting
potential can be much greater, and E,, can ac-
tually exceed Ex by as much as 30 mV or
more. For example, if the ionic concentration
gradients are allowed to run down (e.g., by
storing the tissues at low temperatures for sev-
eral hours), then after allowing the tissues to
restart pumping, the measured E_, can exceed
the calculated Ex (e.g., by 10-20 mV) for a
period of time (fig. 3—7). The Na™ loading of
the muscle cells can be facilitated by placing
them in cold low-K ™ or zero-K™ Ringer solu-
tions, since external K™ is necessary for the
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FIGURE 3-7. Diagrammatic representation of an electro-
genic sodium pump potential. (Upper graph) Muscle cell
whose net ionic diffusion potential (Eyg, function of ion
equilibrium potentials and relative conductances) is — 80
mV, yet exhibits a measured membrane resting potential
(E.,) that is greater. Difference between E_, and Egy rep-
resents the contribution of the electrogenic pump to the
resting potential. Usual direct contribution of the pump
is only a few millivolts and can be measured by the
amount of depolarization produced immediately after
complete inhibition of the (Na, K)-ATPase by cardiac
glycosides. Because the pump pathway is separate from
and parallel to the ionic conductance pathways, the elec-
trogenic pump potential must be equal to V. The con-
tribution of the electrogenic pump potential to the resting
potential (E;, — Egg) is equal to V; (Lower graph) Cell
that was run down (Na loaded, K depleted) over several
hours by inhibition of Na-K pumping, resulting in a low
resting potential. Returning the muscle cell to a pumping
solution allows the resting E,, to build back up as a func-
tion of time. Buildup in E_, occurs faster than buildup in
Eg, as illustrated. Whenever E_, is greater (more negative)
than the K™ equilibrium potential (Eg), the difference
(Vl',) must reflect (as a minimum) the contribution of the
sodium pump potential. The actual pump potential may
be represented by V[. From Sperelakis {3].
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Na-K-linked pump to operate; K., of the (Na,
K)-ATPase for K™ is about 2 mM. After several
hours in such a solution, the internal concen-
trations of Na*, K™, and Cl~ approach the
concentrations in the bathing Ringer solution,
and the resting potential is very low (< —20
mV). The tissue is then transferred to a pump-
ing solution, which is the appropriate Ringer
solution containing normal K™ and at normal
temperature. Under such conditions, the pump
turns over at a2 maximal rate, because the major
control over pump rate is [Na};. (The low ini-
tial E;, also might stimulate the pump rate,
because the energy required to pump out Na™
is much less.) The measured E,, of such Na*
preloaded cells increases rapidly and more rap-
idly than Eg, as shown in figure 3—7. After
this transient phase, however, a crossover of the
two curves occurs, so that Ex again exceeds E,
as in the physiologic condition. Any method
used to increase membrane resistance (R.,) en-
hances the electrogenicity of the pump (fig.
3—8). Cardiac glycoside reverses the transient
hyperpolarization beyond Eg {7].

Rewarming cardiac muscles previously cooled
leads to the rapid restoration of the normal
resting potential (within 10 min), whereas re-
covery of the intracellular Na® and K con-
centrations is much slower [8}. During pro-
longed hypoxia, the resting potential of cardiac
muscle decreases much less than Ex (a differ-
ence of about 25 mV) [9]. In such a situation,
the electrogenic pump acts in an attempt to
hold the resting potential constant despite dis-
sipating ionic gradients; that is, the degree of
electrogenicity of the pump (Na/K coupling ra-
tio) might increase to compensate for a slowing
pump rate.

Another method used to demonstrate that
the pump is electrogenic is to inject Na™ ions
into the cell through a microelectrode, which
produces a small transient hyperpolarization.
This rapid hyperpolarization is immediately
abolished by ouabain. The pump current and
the rate of Na' extrusion increase in propor-
tion to the amount of Na ™ injected.

It is often difficult to prove that the pump
is electrogenic: (a) It must be unequivocally
demonstrated that, for example, hyperpolariza-
tion produced upon Na™ injection is not the
result of enhanced pumping of an electroneu-

tral pump. This could cause depletion of exter-
nal K¥ in a restricted diffusion space just out-
side the cell membrane, the depletion thus
leading to a larger Ex and thereby to hyperpo-
larization. Depletion might occur because the
Na-K pump pumps in K faster than replen-
ishment (by diffusion from the bulk interstitial
fluid) can occur. (b) If the hyperpolarization is
really due to an electrogenic Na™ pump, the
hyperpolarization must be augmented under
conditions that increase membrane resistance.
(c) It must be demonstrated that ionic conduct-
ance changes (e.g., an increase in gx or a de-
crease in gn,) cannot account for the observed
hyperpolarization. This possibility could be
ruled out whenever E,, exceeds (is more nega-
tive than) Eg.

It has been suggested that the electrogenic
Na® pump may be influenced by the mem-
brane potential. From enetgetic considerations,
depolarization should enhance the electrogenic
Na® pump, whereas hyperpolarization should
inhibit it. This is because depolarization re-
duces the electrochemical gradient (and hence
the energy requirements) against which Na*
must be extruded, whereas hyperpolarization
increases the gradient. If the energetics are im-
portant, there should be a distinct potential,
more negative than Eg, at which Na™ pump-
ing is prevented (e.g., a pump equilibrium po-
tential).

In general, Cl~ ions are known to have a
short-circuiting effect on the electrogenic Na™
pump potential. For example, if the external
Cl™ is replaced by less permeant anions, the
magnitude of the hyperpolarization produced
by the electrogenic Na* pump is greatly in-
creased. The mechanism of the Cl~ lowering of
the magnitude of the pump potential could be
caused by the lowering of membrane resistance
in the presence of Cl~. The greater R, is, the
greater is the electrogenic pump potential.

The density of Na-K pump sites, estimated
by specific binding of [’H} ouabain, is usually
about 1000/wm’. The turnover rate of the
pump is generally estimated to be 20100 s~ .
The pump current (I;) has been estimated
d, = V/R,,, where V, is the pump potential),
and values of about 10 pmol/cm*-s were ob-
tained. A density of 1000 sites/p,m2 (10" sites/
cm?) times a turnover rate of 20/s gives 2 X
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10" turnovers/cm’®-s. If 3 Na™® are pumped
with each turnover, this gives 6 X 10" Na™
ions/cm’-s; dividing by Avogadro’s number
(6.02 X 10% ions/mol) yields 10 X 10~ '
mol/cm?-s, which is the same value as the 10
pmol/cm?®-s measured. The net pump current
would be less, depending on the amount of K*
pumped in the opposite direction (i.e., on the
coupling ratio).

One possible scheme for a hypothetical car-
rier mechanism for a Na-K-linked active trans-
port may be constructed. Because 3 Na™ are
known to be transported per molecule of ATP
spent, it is assumed that the carrier has a net
negative charge of 3. The carrier, while at the
inner surface of the membrane, may have a
much higher affinity for Na* than for K*,
whereas the converse may be true at the outer
surface. It is assumed that the carrier cannot
move forward, i.e., diffuse from the inner sur-
face of the membrane to the outer surface, un-
less fully loaded with 3 Na™ ions. 1-3 K*
ions must be carried in for every 3 Na™ ions
moved out. If the pump is electrogenic, i.e.,
produces a net current (and hence potential)
across the membrane, then the amount of K
pumped in must be less than the amount of
Na® pumped out; e.g., the Na/K coupling ra-
tios must be 3:2 or 3:1. The coupling ratio
cannot be 3:0, because of the well-known fact
that external K™ must be present for the pump
to operate. A coupling ratio of 3:2 or 3:1
could be produced if the carrier were allowed
to diffuse backward (outer surface to inner)
only partially loaded with K*. The most usual
coupling ratio found is 3:2. The coupling ratio
apparently can be altered, however, in the same
cell under different conditions.

Whenever the Na-K pump is stimulated to
turn over faster, e.g., by increasing {Na}; or
{K}o, for a given coupling ratio (e.g., 3:2), the
electrogenic pump potential contribution to E,,
becomes larger. The pump potential contribu-
tion also becomes larger, for a constant pump-
ing rate, if the coupling ratio is increased (e.g.,
to 3:1). It is not certain which factors control
the coupling ratio. The Na*/K™ coupling ra-
tio increases as [Nal; is increased. K ion is
the main ion acting as a shunt on the pump
potential. The Na-K pump in several cell types

can switch from a Na"-K" exchanging mode
of operation to a Na®-Na* exchanging mode
of operation, and the mode is governed by the
intracellular ATP/ADP/P; ratios. There is some
evidence that the Na/K coupling ratio may be
affected by the ADP concentration.

The contribution of the pump potential to
the measured E,_, is the difference in E,, when
the pump is operating versus immediately after
the pump has been stopped by the addition of
ouabain. Consequently, it appears as though
the pump potential (V) were in series with the
net cationic diffusion potential (Eq;q):"

En = Eswr t Rugp

where 7, is the electrogenic component of the
pump current. (Ege is the E_, that would exist
solely on the basis of the ionic gradients and
relative permeabilities in the absence of an elec-
trogenic pump potential, as calculated from the
constant-field equation.) This equation states
that E,, is the sum of Egg and a voltage drop
produced by the electrogenic pump. It seems,
however, that the pump potential should be
considered to be in parallel with Egg (Ag. 3—
8). Because the density of pump sites is more
than 1000-fold greater than that of Na® and
K" channels in resting membrane, there
should be no relation between the pump path-
way (the active flux path) and R, (the passive
flux paths). The pump path and the passive
conductance paths are in parallel. The true
pump potential must be much greater than the
AE,, measured in the absence and presence of
ouabain; namely, the pump potential should be
considered as the full potential between zero
and the maximum negative pump potential
(V}) while the pump is pumping (fig. 3-7).
One possible equivalent circuit for an elec-
trogenic Na* pump, which takes into account
many of the known facts, is given in figure 3—
8. The pump pathway is in parallel with the
resistance pathways, and the pump potential is
the full potential (and not the AV). The pump
pathway is shown as a battery with a switch in
series. The switch opens (infinite resistance)
when the pump potential is low or zero so that
it cannot act as short-circuit path to Egg A
relatively fixed resistance of moderate value in
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FIGURE 3-8. Hypothetical electrical equivalent circuit for
electrogenic sodium pump. Model consists of a pump
pathway in parallel with the membrane resistance (R,,)
pathway and the membrane capacitance (C,) pathway.
This model fits the evidence that the pump is indepen-
dent of short-range membrane excitability and that the
pump proteins and channel proteins are probably embed-
ded in the lipid bilayer as parallel elements. Net diffusion
potential (Eyg, determined by the ion equilibrium poten-
tials and relative conductances) of —80 mV is depicted in
series with R,,. Pump leg is assumed to consist of a bat-
tery in series with a fixed resistor (pump resistance, R,)
that does not change with changes in R,, and whose value
is not much different from R,. Pump battery is charged
up to some voltage (Ve, of —85 mV, for example) by a
pump current generator. Net electrogenic pump current
may be developed, for example, by the pumping in of
only 2 K* ions for every 3 Na* ions pumped out. For
the values given in the figure (namely, R,, of 1000 (),
Ege of =80 mV, R, of 500 , and V., of —85 mV), it
may be calculated by circuit analysis that the measured
membrane potential (E.,) is —83.3 mV; that is, the di-
rect electrogenic pump potential contribution to the rest-
ing potential is —3.3 mV. If R, were raised to 5000 )
(e.g., by placing the membrane in Cl™ -free solution, or
by adding Ba’* ion to decrease Py, or both), then the
calculated E,_, would be —84.5 mV, i.e., much closer to
V., (—85 mV). Modified from Sperelakis [3}.

series with the pump (R,) gives the circuit the
feature that the observed pump potential con-
tribution to E,, (AV) is a function of membrane
resistance (R,): the higher R, is (R, constant),
the more nearly E,, approaches V. The pump

battery is charged to some voltage by a pump
current generator. If the pump is stopped by
ouabain, the pump potential rapidly dissipates
through R, with a time constant of (R, +
R)Cph. If V, < Egig (—80 mV), then E,, =
—80 mV; i.e., the pump potential is masked
by Egqi. If V, > Egg, then E, is somewhere
between Egy and V. The exact E, measured
depends on the magnitude of V, and on R,.
Using circuit analysis for the values of the pa-
rameters given in figure 3-8, E_ would be
—83.3 mV, i.e., moderately close to the value
of V, (—85 mV) (table 3-2). If R, is raised
fivefold (to 5000 (), E., would be —84.5 mV,
i.e., closer to V, (table 3—2). Thus, this circuit
clearly gives a pump potential contribution to
E., that is dependent on R,. Another way to
state this is that the higher R, is (relative to
R,), the more E, reflects V,, because of less
short-circuiting of Vy by R.,. If Egg is made
smaller (e.g., in cells with a higher Py,/Pk ra-
tio or if Ex were lowered by the elevation of
[Klo), then the relative contribution of the
pump potential to E_, becomes greater. For ex-
ample, for the same values indicated in figure
3-8, if Egir is changed from —80 mV to —50
mV, then E_, would be —76.7 mV (table 3—
2); i.e., the AV is now much larger: 26.7 mV
vs 6.7 mV (table 3-2). As expected, an in-
crease of V,, (by stimulating the pump rate or
by increasing the coupling ratio) hyperpolarizes
(compare D and C in table 3-2), and the
amount of hyperpolarization produced by an
increase in V,, is greater when Egg is smaller
(compare H and D in table 3-2).

The physiologic importance of an electro-
genic pump potential is not fully known for
myocardial cells. Although small, the electro-
genic pump potential contribution to the
membrane resting potential could have signifi-
cant effects on the level of inactivation of the
fast Na® channels. Further, an electrogenic
pump potential could act to delay depolariza-
tion under adverse conditions (e.g., ischemia
and hypoxia), and would act to speed repolari-
zation of the normal resting potential during
recovery from the adverse conditions. It is cru-
cial that the excitable cell maintain its normal
resting potential as much as possible, because
of the effect on the action potential’s rate of rise
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TABLE 3-2. Summary of calculations of resting potential (E,,) for a model having
an electrogenic pump potential (V,) in parallel with the net diffusion potential (Eq;g)

Resting Av
Eaigr Rn R, v E, (En — Eaw
(mV) (Q-cm?) (Q-cm? (mV) (mV) (mV)
(1) —80 1000 500 -85 —83.3 -3.3
@ —80 1000 500 -90 —86.7 -6.7
(3) —-80 1000 500 —-80 —80.0 0
“4) —-80 1000 500 -70 —73.3 +6.7
(5) —-80 1000 500 0 -26.6 +53.4
6) —80 2000 500 -85 —84.0 —4.0
%) —80 4000 500 -85 —84.5 —4.5
(8) ~80 500 500 -85 —82.5 -2.5
) ~80 1000 1,000 -85 —82.5 -25
(10) -75 1000 500 -85 -81.6 -6.6
(11) -75 1000 1,000 -85 —80.0 -5.0

R,, = membrane resistivity; R, = pump resistance; AV = contribution of V, to the measured E,,. E,, was calculated from the following equation:

- Rm v Rp
R, +R, " R,+R,

-
m Ediff

Adapted from Sperelakis {3].

and conduction velocity with small depolariza-
tions, and complete loss of excitability with
larger depolarizations.

In cells in which there are lower resting po-
tentials (e.g., vascular smooth muscle cells and
cardiac nodal cells) (table 3—1), the electrogenic
pump potential can be considerably larger. Si-
nusoidal oscillations in the Na-K pumping rate
could produce oscillations in E,,, which could
exert important control over the spontaneous
firing of the cell. The period of enhanced
pumping hyperpolarizes the cell and suppresses
automaticity, whereas slowing of the pump
leads to depolarization and consequently to
triggering of action potentials. Oscillation of
the pump may be brought about by changes in
[Na};,. For example, the firing of several APs
should raise {Na}; (nodal cells have a small vol-
ume-surface area ratio) and stimulate the elec-
trogenic pump. The increased pumping rate,
in turn, hyperpolarizes and suppresses firing,
thus allowing [Na}; to become lower again and
removing the stimulation of the pump; the lat-
ter depolarizes and triggers spikes; and the cy-
cle could be repeated. Noma and Irisawa {10}
concluded that, in rabbit sinoatrial nodal cells,
the electrogenic Na® pump might be one fac-
tor that modulates the heart rate under physi-

ologic conditions. When stimulated at a high
rate, cardiac Purkinje fibers and nodal cells un-
dergo a transient period of inhibition of auto-
maticity after cessation of the stimulation,
known as overdrive suppression of automatic-
ity. Stimulation of the electrogenic pump due
to elevation in {Nal; is the major cause of this
phenomenon {11, 12}.

Pacemaker Potentials and Automaticity

In order to maintain a steady resting potential,
the outward K current must be equal and op-
posite to the inward Na™ current (primarily
Na™ but also Ca’*), assuming Cl~ is passively
distributed. If the inward current exceeds the
outward current, then the membrane will de-
polarize along a certain time course (i.e., slope
of the pacemaker potential or diastolic or
phase-4 depolarization), depending on the ex-
cess (or net) inward current. The inward leak
of Na® and Ca’* currents is often called the
background inward current. For the inward
current to exceed the outward current (i.e., for
a net inward current), either the inward current
can be increased or the outward current Ix can
be decreased. Both of these mechanisms are
used for genesis of pacemaker potentials (auto-
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maticity). For example, if a time-dependent
decrease in gi occurs following an AP and hy-
perpolarizing afterpotential, then Ix decreases
and the membrane depolarizes (gn./gx progres-
sively increases). Conversely, if an agent such
as acetylcholine (ACh) were to increase the rest-
ing gk, then the outward Ik is increased, the
membrane hyperpolarizes, and the slope of the
pacemaker potential decreases, thus reducing
the frequency of firing. Some agents, such as
norepinephrine, may increase the background
inward current and decrease the outward cur-
rent, thereby increasing the slope of the pace-
maker potential by both mechanisms.

A prerequisite for automaticity is that the
cells must have a relatively low Cl~ conduct-
ance (gc)). This condition holds true for all or
most cell types in the heart. A high gq acts to
clamp E., making it difficult for a pacemaker
potential to be developed. For example, addi-
tion of Ba’" (0.5 mM) to frog sartorius muscle
fibers, which have a high gc/gk ratio of about
4.0, has very little immediate effect. However,
when the fibers are first equilibrated in Cl-free
solution to reduce g¢; to zero, Ba’™" produces a
prompt depolarization, an increase in R, and
automaticity [13}. Another way to view this
effect of Cl™ is by Cole’s {14} parallel capaci-
tance—inductance (CL,,) circuit for an excita-
ble membrane that tends to oscillate sponta-
neously when the R¢ shunt resistance (and
Rna) is very high. The membrane inductance
L,, arises because of the peculiar behavior of the
K™ resistance: namely, anomalous rectification.
This rectifier causes an instantaneous decrease
in gx with depolarization or increase with hy-
perpolarization.

During the time course of the pacemaker po-
tential V,,, R,,, increases progressively due to a
decrease in g [15, 16}. There is a progressive
turnoff of the gx increase (delayed rectification)
responsible for the rapid repolarizing phase of
the AP and the subsequent hyperpolarizing
(“positive”) afterpotential usually exhibited by
pacemaker cells. The decreasing gx produces
the depolarization. The pacemaker depolariza-
tion in heart cells is usually linear (or a ramp).

In some cases, heart cells can exhibit auto-
maticity of another type, which is a large de-
polarizing afterpotential arising from the hy-

perpolarizing afterpotential {17}. The depolar-
izing afterpotential triggers the subsequent
spike once the threshold potential (V) is
reached. In this type of automaticity, each AP
is triggered by the preceding one. Thus, a train
of spikes can be turned off by simply stopping
one spike in the train from developing (e.g.,
by a brief hyperpolarizing current pulse) {18,
191. The depolarizing afterpotential is de-
pressed by verapamil and is facilitated by car-
diac glycosides {20, 21}, thus tending to pro-
duce ectopic pacemaker activity.

All heart cells are capable of exhibiting au-
tomaticity under certain conditions. For exam-
ple, ventricular cells placed into cell culture
develop automaticity {16, 18}. Myocardial cells
exposed to Ba’t to decrease their gx and de-
polarize them develop automaticity {18, 19,
22, 23}1. Ventricular muscle depolarized by the
application of current also fires spontaneously
during the current pulse {16, 24—20}; that is,
when E_, is brought into the voltage region
that can develop pacemaker potentials, auto-
maticity occurs. In any cardiac pacemaker cell,
if the membrane potential is hyperpolarized by
a current pulse, the frequency of spontaneous
firing is slowed and stopped; that is, automat-
icity is suppressed at high resting potentials
{16}. Conversely, application of depolarizing
current increases the frequency of discharge.
Thus, the slope of the pacemaker potential is
exquisitely sensitive to small changes in E,.
The further E,, is above Ex (within limits), the
greater the degree of automaticity (and of
anomalous rectification). A low gk, which also
means a relatively lower resting E,,, facilitates
automaticity. Elevation of {[Klo, which in-
creases g although it depolarizes, suppresses
automaticity {22, 27}.

Under normal circumstances in the heart,
the hierarchy of automaticity capability is: SA
nodal cells > AV nodal cells > Purkinje fibers.
Ventricular or atrial myocardial cells develop
automaticity only under pathologic conditions
such as regional ischemia. The genesis of auto-
maticity in Purkinje fibers is somewhat differ-
ent from that in nodal cells {28—30}. Normally
the automaticity of the cells lower in the hier-
archy (e.g., the Purkinje cells) is latent (“latent
pacemakers”) because the cells are driven at
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higher rates by the primary pacemaker (SA
node). Because of the phenomenon of overdrive
suppression of automaticity (fast drives of a
pacemaker cell tend to hyperpolarize the cell
and cause a pause in automaticity after the
drive is terminated), the latent pacemakers not-
mally may be partly in a state of overdrive
suppression. Thus, a pacemaker potential may
or may not be seen during diastole. One factor
in production of overdrive suppression is stim-
ulation of the electrogenic Na* pump by the
increase in [Na}; accompanying a high rate of
driving [12, 31}. In addition, K" tends to ac-
cumulate extracellularly during the fast drive.

One characteristic of a pacemaker cell is that
accommodation does not occur normally; the
cell fires, no matter how slowly E,, is brought
to the threshold potential V. This could re-
flect a homogeneous population of ionic chan-
nels with nearly identical voltage-sensitive gat-
ing, the low g¢ (less clamping effect of C17),
and the decrease in gx due to anomalous recti-
fication. Little or no inactivation of slow chan-
nels occurs during the pacemaker depolariza-
tion because inactivation of slow channels
occurs at less-negative potentials (between
about —45 mV and — 10 mV).

Automaticity of the heart (nodal cells) is
normally under control of the autonomic
nerves. The release of ACh from the parasym-
pathetic nerves increases g and thereby hyper-
polarizes (toward Eg) and depresses automatic-
ity. ACh also depresses the inward slow
current, which also would tend to depress au-
tomaticity (for references, see Josephson and
Sperelakis {32]). The release of norepinephrine
from the sympathetic nerves tends to increase
the inward slow current and to decrease gk (ki-
netics of turnon), both of which tend to en-
hance automaticity.

For a complete discussion of the electroge-
nesis of pacemaker potentials, the reader is re-
ferred to chapter 5.

Effect of Resting Potential on the
Action Potential
Any agent that affects the resting potential

(e.g., depolarizes) will have important reper-
cussions on the cardiac AP. Depolarization re-

duces the rate of rise of the AP, and thereby
also slows its velocity of propagation. A slow
spread of excitation throughout the heart will
interfere with the heart’s ability to act as an
efficient blood pump. This effect is progressive
as a function of the degree of depolarization. If
the myocardial cells and Purkinje fibers are de-
polarized to about —50 mV, then the rate of
rise goes to zero and all excitability (and con-
traction) is lost, leading to cardiac arrest. Hy-
perpolarization usually produces only a small
increase in rate of rise, and large hyperpolari-
zations may actually slow propagation velocity
(because the critical depolarization required to
bring the membrane to threshold is increased)
or cause propagation block.

The explanation of the effect of resting E,
(or takeoff potential) on maximum rate of rise
(4 Ve of the AP is based on the sigmoidal
h» versus E;, curve. In Hodgkin—Huxley nota-
tion, 4 is the inactivation variable for the fast
Na™ conductance; it is a probability factor that
deals with the open (b = 1.0) versus closed (b
= 0) positions of the inactivation (I) gate of
the channel (figs. 3-9 and 3-10). The value of
b is a function of E,, and time (¢), and bo is
the 4 value at steady state or infinite time
(practically, + > 20 ms). by is 0.9—1.0 at the
normal resting potential (—80 mV) and di-
minishes with depolarization, becoming zero at
about —50 mV. The I gates are open in a rest-
ing membrane and close slowly (time constant
of several milliseconds) upon depolarization,
thus inactivating the fast Na® conductance
(figs. 3—9 and 3-10).

The slow channels in myocardial cells are
similar to the fast Na¥ channels, except that
their A gates and I gates operate much more
slowly kinetically; that is, they turn on (acti-
vate) more slowly, turn off (inactivate) more
slowly, and recover more slowly (figs. 3—9 and
3—10). In addition, their voltage inactivation
curve is shifted to the right, so the inactivation
begins at about —45 mV and is not complete
until about 0 mV {33, 34}. The slow channels
also have a lower activation (threshold) poten-
tial of about —35 mV (compared to about
—60 mV for the fast Na© channels). When
the fast Na™ channels are either blocked by tet-
rodotoxin (TTX) or voltage-inactivated in ele-
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FIGURE 3-9. Cartoon models for a fast Na™ channel (/gf?) and for a slow channel (right) in myocardial cell membrane.
As depicted, two gates are associated with each type of channel: activation (A) gate and inactivation (I) gate. Gates are
presumably charged positively so that they can sense membrane potential. I gate moves more slowly than A gate. Gates
of the slow channel are kinetically much slower than those of the fast Na* channel. The fast Na™ channel is depicted
in resting state (A gate closed, I gate open) and just beginning the process of activation, whereas the slow channel is
depicted in the active state (both gates open) and just beginning the process of inactivation. Depolarization causes the
A gate to open quickly so that the channel becomes conducting (active state). However, the I gate slowly closes during
depolarization and inactivates the channel (inactive state). During recovery upon repolarization, the A gate closes and
the I gate opens (returns to resting state). Not depicted is the hypothesis that protein constituent of the slow channel
must be phosphorylated in order for the channel to be in a functional state available for voltage activation. Tetrodotoxin
(TTX) blocks the fast Na* channel from the outside, presumably by binding in the channel mouth. Verapamil and
Mn?* block the slow channel. Redrawn from Sperelakis {43].

vated {K}, (25 mM; E,, of about —40 mV),
positive inotropic agents, such as catechol-
amines or histamine, restore excitability in the
form of slowly rising APs by increasing the
number of slow channels available for voltage
activation. The rate of rise of the slow AP is
also dependent on the A, variable (often termed
the f variable for myocardial slow channels),
with depression of +V,_, beginning at —45
mV and going to zero at about —20 mV. (The
apparent discrepancy between the E,, values at
which f = 0 and at which +V_,, = 0 is due
to failure of propagation occurring below a
minimal inward slow current.) These relation-
ships are depicted in figure 3—11.

The resting potential also affects duration of
the cardiac AP. With polarizing current, de-
polarization lengthens the AP whereas hyper-
polarization shortens it. In contrast, when ele-
vated {K], is used to depolarize the cells, the
AP is usually shortened. (Under special condi-
tions, such as Cl -free solution, the AP may
be prolonged with elevation of {K}, {30]). One

important determinant of the AP duration is
the K* conduction (gx). Agents or conditions
that increase gi, such as elevation of {K]o, tend
to shorten the duration. In contrast, agents
that decrease gx or slow the activation of g,
such as Ba’" ion or tetraethylammonium ion
(TEA™), tend to lengthen the AP duration.
Due to anomalous rectification (i.e., a decrease
in gg with depolarization and an increase with
hyperpolarization), depolarization by current
prolongs the AP and hyperpolarization shortens
it.

Other factors are also important in determin-
ing the AP duration. For example, agents that
slow the closing of the I gates of the fast Na™
channels, such as veratridine, prolong the AP.
Agents that affect the inward slow current (I)
also affect the AP duration. Prolongation or
stimulation of I; tends to prolong the AP; con-
versely, agents that depress I;, such as verapa-
mil or Mn®", slightly shorten the AP. Agents
that depress metabolism of the heart, such as
valinomycin or hypoxia, primarily depress I
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The Three States of the Slow Channel
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and the slow conductance g,, but secondarily
also act to turn on gk earlier and so greatly
abbreviate the cardiac AP {35-38].

Finally, the cardiac AP shortens markedly at
high heart rates, and three factors could con-
tribute toward this effect: (a) the increase in
[Ca}; (resulting from increase in {Na};) produces
an increase in resting gx and enhances gk acti-
vation kinetics (the Gardos—Meech effect) {39~
41}; (b) K* accumulates outside the cell mem-
brane, thereby increasing gg; and (c) recovery
of the slow channels is incomplete, thereby de-
pressing I;.

Potential Profile across Membrane

The cell membrane has fixed negative charges
at its outer and inner surfaces. The charges are
presumably due to acidic phospholipids in th

bilayer and to protein molecules either embed

ded in the membrane (islands floating in the
lipid bilayer matrix) or tightly adsorbed to the
surface of the membrane. Most proteins have
an acid isoelectric point, so thac at a pH near
7.0 they possess a net negative charge. The
charge at the outer surface of the cell mem-
brane, with respect to the solution bathing the
cell, is known as the zeta potential. This
charge is responsible for the electrophoresis of
cells in an electric field, the cells moving to-

FIGURE 3-10. Cartoon model of the three states of the
myocardial calcium slow channel, patterned after that for
the Hodgkin—Huxley fast sodium channel. In the resting
state, the activation (d) gate is closed and the inactivation
(f) gate is open. In the active state, the d gate is open
while the f gate is still open. In the inactivated state, the
d gate remains open, but the f gate has closed. During
the recovery process, the inactivated channel is reverted
back to the resting state by closing of the d gate and
opening of the f gate.

ward the anode (positive electrode), because
unlike charges attract. The surface charge af-
fects the true potential difference (PD) across
the membrane, as illustrated in figure 3—12A.
At each surface, the fixed charge produces an
electric field that extends a short distance into
the solution and causes each surface of the
membrane to be slightly more negative (by a
few millivolts) than the extracellular and intra-
cellular solutions. The potential theoretically
recorded by an ideal electrode as the electrode
is driven through the solution perpendicular to
the membrane surface should become negative
as the electrode approaches within a few Ang-
strom units of the surface; that is, the potential
difference between the membrane surface and
the solution declines exponentially as a func-
tion of distance from the surface. The length
constant is a function of the ionic strength (or
resistivity) of the solution: the lower the ionic
strength, the greater the length constant is.
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FIGURE 3-11. Graphic representation of differences in be-
havior, with respect to voltage inactivation, of the fast
Na™ channels and slow (Na* and Ca®*) channels. (A) hoo
inactivation factor of Hodgkin—Huxley (gn, = Znamh,
where gy, is the Na* conductance, 7 and 4 are probabil-
ity variables, and overbar means maximal) for fast Na*t
channels or the comparable f. factor for slow channels as
a function of resting potential (E,). The A, or f. repre-
sents b or f at + = infinity or steady state (practically,
after 20 ms for 4 and after 1 s for f). This graph illus-
trates that fast Na* channels of myocardial cells begin to
inactivate at about —75 mV, and complete inactivation
occurs at about —50 mV (b = 0). In contrast, slow
channels inactivate between about —45 mV (f = about
1.0) and —25 mV (f, = 0). (B) Maximal rate of rise of
the action potential (+V,,,) as a function of resting E,
for the normal cardiac action potential (dependent on in-
ward current through the fast Na* channels) and for the
slow action potential (dependent on inward current
through the slow channels) elicited in cells whose fast
Na* channels are blocked (by TTX or by depolarization
to about —45 mV). TV, is a measure of the inward
current intensity (everything else, such as membrane ca-
pacitance, held constant), which in turn is dependent on
the number of channels available for activation.

The magnitude of the PD depends on the den-
sity of charge sites (number per unit of mem-
brane area); the number of charges is also af-
fected by the ionic strength and pH.

In figure 3—12A, the membrane potential
measured by an intracellular microelectrode
(E,) is the potential of the outer solution (Y,
the reference electrode) minus the potential of
the inner solution (U5, the active microelec-
trode): E,, = ¥, — ;. The true PD across the
membrane (E/,), however, is really that PD di-
rectly across the membrane, as shown in the
figure. If the surface charges at each surface of
the membrane are equal, then E;, = E,,. If the
outer sutface charge is decreased to zero by ex-
tra binding of cations, such as Ca’", then the
membrane becomes slightly hyperpolarized
(E;, > E,,), although this is not measurable by
the intracellular microelectrode (fig. 3—12B).
Conversely, if the outer surface charge were re-
stored, and if the inner surface charge were
neutralized, then the membrane would become
slightly depolarized (E,, < E.); again this
change is not measurable by the microelec-
trode.

Because the membrane ionic conductances
are controlled by the PD directly across the
membrane (i.e., by El, and not by E.),
changes in the surface charges (e.g., by drugs,
ionic strength, or pH) can lead to apparent
shifts in the threshold potential and in the E
vs h. curve. For example, elevated [Cal, is
known to raise the threshold potential (i.e., the
critical depolarization required to reach electri-
cal threshold), as expected from the small in-
crease in E;, that should occur. The apparent
mechanical threshold (the E,, value at which
contraction of muscle just begins) can also be
shifted by a similar mechanism.

Summary

In this chapter most of the factors that deter-
mine or influence the resting potential of heart
cells were discussed. The structural and chem-
ical composition of the cell membrane was
briefly examined and correlated with the mem-
brane’s resistive and capacitative properties.
The factors that determine the intracellular ion
concentrations in myocardial cells under steady-
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state conditions were examined. These factors
include the Na-K coupled pump, the Ca-Na
exchange reaction, a sarcolemmal Ca pump,
and the intracellular polyvalent macroelectro-
lytes. The Na-K pump is mediated by the
membrane-bound (Na, K)-ATPase enzyme.
This enzyme requires both Na® and K* for
activity, and transports 3 Na® ions outward
and usually 2 K™ ions inward per ATP hydro-
lyzed. Cardiac glycosides are specific blockers
of this transport ATPase. The Na-K pump is
not directly related to excitability, but only in-
directly related by its role in maintaining the
Na® and K concentration gradients (i.e.,
blockage of the pump does not produce an im-
mediate large depolarization or cessation of ac-
tion potentials and contractions). The Ca-Na
exchange reaction seems to be carrier mediated
and may be driven by the Na™ electrochemical
gradient; i.e., the energy for pumping out in-
ternal Ca’* by this mechanism comes from the
(Na, K)-ATPase. The Ca-Na exchange reaction
exchanges one internal Ca>* ion for two, three,
or four external Na™ ions.

The mechanism whereby the ionic distribu-
tions give rise to diffusion potentials was dis-
cussed, as were the factors that determine the
magnitude and polarity of each ionic equilib-
rium potential. The equilibrium potential for
any ion and the transmembrane potential deter-
mine the total electrochemical driving force for
that ion, and the product of this driving force
and membrane conductance for that ion deter-
mine the net ionic current or flux. The net
fonic movement can be inward or outward
across the membrane, depending on the direc-
tion of the electrochemical gradient.

The key factor that determines the resting
potential—in the absence of any electrogenic
pump potential contributions and for fixed
ionic distributions—is the relative permeability
of the various ions, particularly of K* and
Na™, i.e., the Pna/Pk ratio (or gno/gk ratio), as
calculated from the Goldman constant-field
equation. The major physiologic ions that have
some effect on the resting potential or on the
action potentials are K, Na®, Ca® * and
Cl™. The Ca’* electrochemical gradient has
only a small direct effect on the resting poten-
tial, although low external Ca’* can affect the
permeabilities and conductances for the other
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FIGURE 3-12. Potential profile across the cell membrane.
(A) Because of fixed negative charges (at pH 7.4) at outer
and inner surfaces of the membrane, there is a negative
potential that extends from the edge of the membrane
into the bathing solution on both sides of the membrane.
This surface potential falls off exponentially with distance
into the solution. Magnitude of the surface potential is a
function of the charge density. s, is the electrical poten-
tial of the outside solution, Uj; is that of the inside so-
lution, and membrane potential (E,) is the difference
Y, — ). E,, is determined by the equilibrium poten-
tials and relative conductances. Profile of the potential
through the membrane is shown as linear (the constant-
field assumption), although this need not be true for the
present purpose. If the outer surface potential 1s exactly
equal to that in the inner surface, then the true trans-
membrane potential (E/) is exactly equal to the (microe-
lectrode) measured membrane potential (E,). (B) If the
outer surface potential is different from the inner poten-
tial, in this example done by elevating the extracellular
Ca’" concentration to bind Ca®* to more of the negative
charges, then the E,, is greater than the measured E,,.
Diminution of the inner surface charge decreases E!. The
membrane ion channels are controlled by E/!,. From Sper-
elakis {3}].

ions, such as Na* and K™ . (Elevation of inter-
nal Ca’" can sometimes increase the permea-
bility to K™ by activating voltage-independent
Ca” +-operated K" -selective channels.) The
Cl™ ion is passively distributed according to
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the membrane potential, i.e., not actively
transported. However, there is some evidence
indicating that [Cl}; is about two or three times
as great as that predicted according to the E,
thus giving an E¢ value of about —35 to —50
mV compared to a resting potential of about
—80 mV. Before one can conclude that there
is a CI” pump directed inward, however, the
calculated E¢; (concentrations corrected for ac-
tivity coefficients) must be proved to be signif-
icantly more positive than the mean resting po-
tential of the cell averaged over a period of
time; i.e., for example, any spontaneous action
potentials must be taken into account. If C1~
is passively distributed, it cannot determine
the resting potential. But transient net move-
ments of Cl™ ions, e.g., during the action po-
tential, can and do affect the E,,, particularly
when g¢ is high.

The elevation of [K], to more than the nor-
mal concentration of about 4 mM decreases the
K" equilibrium potential (Eg) as predicted
from the Nernst equation ({[K}; about con-
stant), and depolarization is produced. Some-
times, however, some hyperpolarization is pro-
duced at a {K], level between 5 and 10 mM.
In addition, lowering [K], to values of 1.0-0.1
mM often produces a prominent depolariza-
tion. These effects are usually explained on the
basis that: (a) g is a function of Px and {K},,
(b) Pk is lowered in low {K}, and elevated in
higher [Kly, and (¢) an electrogenic Na-K
pump potential is inhibited at a low {K],.

The resting potential not only is the poten-
tial energy storehouse that is drawn upon for
propagation of the action potentials, but be-
cause the membrane voltage-dependent cationic
channels are inactivated with sustained depolat-
ization, the rate of rise of the action potential,
and hence propagation velocity, are critically
dependent on the level of the resting potential.
For example, a small elevation of K™ concen-
tration in the blood has dire consequences for
functioning of the heart.

The Na-K pump can be electrogenic, de-
pending on the coupling ratio of Na* pumped
out to K pumped in and depending on the
magnitude of the membrane resistance. The
electrogenic pump potential may be in parallel
to the net ionic diffusion potential (Ey, deter-
mined by the ionic equilibrium potentials and

by the relative permeabilities). The contribu-
tion of the electrogenic pump potential to the
measured resting potential of myocardial cells
is generally small (only a few millivolts) so that
the immediate depolarization produced by
complete Na-K pump stoppage with cardiac
glycosides is only a few millivolts. Of course,
long-term pump stoppage produces a larger
and larger depolarization as the ionic gradients
are dissipated. The rate of Na-K pumping, and
hence the magnitude of the electrogenic pump
contribution to E,, is controlled by {Na}; and
by {K},, among other factors. The electrogenic
pump potential might be physiologically im-
portant to the heart under certain conditions
that tend to depolarize the cells, such as tran-
sient ischemia or hypoxia. In such cases, the
actual depolarization produced may be less be-
cause of a constant pump potential in parallel
with diminishing Eyg The electrogenic pump
potential may also affect automaticity of the
nodal cells.
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4. THE IONIC BASIS OF ELECTRICAL
ACTIVITY IN THE HEART

Robert S. Kass

Introduction

Cardiac muscle, like skeletal muscle and nerve,
belongs to a class of tissues referred to as excit-
able cells. This classification reflects the ability
of these cells to propagate impulses in a regen-
erative manner. The electrical activity of nerve
and skeletal muscle is rather uniform and is
generated by similar ionic mechanisms. In con-
trast, the electrical activity in different regions
of the heart consists of clearly distinguishable
action potentials. This diversity of action po-
tential configuration reflects the multiple roles
of electrical activity in the heart. Despite re-
gional differences, however, these electrical im-
pulses are generated by membrane permeability
mechanisms that generally resemble those in
other excitable cells.

This chapter presents a review of the major
ionic currents in the heart and relates these cur-
rents both to the electrical activity of different
regions and to some of the characteristic roles
of this activity. Emphasized are time-depen-
dent currents that have been studied in various
mammalian cardiac cells. It is not intended to
be a detailed review of each of these currents,
but instead a source from which the reader may
then pursue selected areas in more detail.

Excitation in the Heart

NORMAL SPREAD OF THE IMPULSE: ROLES OF
SPECIALIZED TISSUE

Electrical impulses in excitable cells are gener-
ated by local changes in the relative permeabil-

N. Sperelakis (ed.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART.
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ities of the surface membranes of these cells to
various ions (see chapter 3). These local perme-
ability changes, in turn, regulate the electrical
potential difference across the surface mem-
brane through the electrochemical potential
differences of the permeant ions. As a conse-
quence of these local changes in membrane po-
tential, voltage gradients are established both
across the cell membrane and between local and
distal longitudinal sites. These gradients force
the movement of intracellular and extracellular
ions. Ionic currents in combination with the
cable properties (see chapter 6) and morphology
of different regions of the heart are responsible
for the orderly pattern of cardiac excitation and
contraction. This process depends on the
unique electrical properties that have evolved
for tissues that carry out specialized functions.

Electrical activity begins at the sinoatrial
(SA) node, a strip of fine muscle fibers near the
junction of the superior vena cava and the right
atrium. The SA node generates electrical activ-
ity in a cyclic pattern, depolarizing and repo-
larizing spontaneously. The process of sponta-
neous depolarization is known as pacemaker
activity. This region is not the only cardiac tis-
sue that has this property (fig. 4-2), but it
beats at the fastest rate and is thus the domi-
nant pacemaker in the heart under normal con-
ditions. In several pathologic states, impulses
from the SA node may not reach other regions
of the heart consists of clearly distinguishable
action potentials. This diversity of action po-
drive the heart at a much lower than normal
rate.

Under normal conditions, the impulse
spreads rapidly from the SA node throughout
the atrial muscle, where conduction is aided by

83



84 I. CARDIAC MUSCLE

special conducting tissue that resembles ven-
tricular Purkinje fibers {1]. Electrical activity
in the atrium is conducted into the ventricles
through the atrioventricular (AV) node, a small
strip of fine fibers that connects ventricular and
atrial tissue. The small size of this tissue along
with its electrical properties results in very
slow impulse propagation through this node
(typically on the order of 0.2 m/s). This slow
AV nodal conduction ensures an adequate delay
between atrial and ventricular contraction that
is essential to proper filling and pumping of
the ventricles.

From the AV node, the impulse is then con-
ducted by specialized conducting tissue, the
Purkinje fibers. In contrast to AV nodal tissue,
Purkinje fibers consist of bundles of large cells
that are well suited for rapid impulse conduc-
tion. Conduction velocity in the Purkinje net-
work is on the order of 5 m/s (more than ten
times the velocity in the AV node) and this
ensures that the impulse spreads rapidly and
uniformly throughout the ventricles. This
rapid excitation of the ventricular muscle cells
results in nearly synchronous contraction of
these cells and a uniform pumping action on
the blood in the ventricular chambers. When
Purkinje fiber conduction is slowed in diseased
states, ventricular ejection is compromised due
to the loss of synchrony in the contraction of
individual muscle cells (see chapters 19-21 and
Noble [2] and Cranefield [3}).

CARDIAC ACTION POTENTIALS

As already suggested in the previous section,
the distinct functional roles of electrical activ-
ity in each of these regions are closely related
to the differences that have been found in the
action potentials recorded in each area.

NODAL TISSUE

An example of electrical activity recorded from
an SA nodal preparation is shown in figure 4—
1. The duration of this action potential, and
all other cardiac action potentials, is very long
(on the order of 100 ms). The SA node shows
spontaneous activity. The membrane potential
changes from a negative value (near —65 mV)
to a value greater than 0 mV and then returns
(repolarizes) to the negative potential where the
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FIGURE 4-1. Representative schematic records of trans-
membrane action potentials recorded from ventricular
muscle (A), sinoatrial node (B), and atrial muscle (C).

The vertical scale is in millivolts. From Hoffman and
Cranefield [4}.

cycle is repeated. Because the SA node deter-
mines heart rate, the slow change toward posi-
tive potentials (depolarization) occurring be-
tween beats is called the pacemaker
depolarization. The most negative potential
reached in this action potential is near — 65
mV, a value much more positive than resting
potentials of nerve or skeletal muscle. How-
ever, because the SA node is spontaneously ac-
tive, it is not proper to refer to this as a resting
potential. Instead the term “maximum dia-
stolic” potential (MDP) is used to characterize
this part of the nodal action potential. Another
characteristic of this action potential is its max-
imum rate of depolarization. This rate, on the
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200ms

FIGURE, 4-2. Action potential and associated twitch ten-
sion in isolated Purkinje fiber. The upper trace is an intra-
cellular recording of membrane potential obtained in an
isolated Purkinje fiber that was driven by an external
stimulus. Note the slow pacemaker activity following re-
polarization of the action potential. The lower trace, ob-
tained using an optical monitor of contractions, shows the
phasic tension developed by this fiber during the action
potential. R.S. Kass and D. Krafte, unpublished data.

order of 10 V/s, reflects the magnitude of the
current that generates the voltage change (see
eq. 4.4).

Electrical activity of cells in the AV node
resembles that of the SA node, except that
pacemaker activity is less pronounced (see
Hoffman and Cranefield {4]). Thus, like SA
nodal fibers, the maximum rate of rise of the
action potential is on the order of 10 V/s, and
MDP is around —60 mV.

PURKINJE FIBERS
Cells in Purkinje fiber bundles often also show
some pacemaker activity (fig. 4-2), but this is
much slower than pacing in the SA node. The
Purkinje fiber MDP is much more negative
(—90 mV) and the maximum rate of depolari-
zation is much greater (500 V/s) than compa-
rable parameters of the nodes. These differences
are not entirely independent of each other and
suggest the possibility that these action poten-
tials are generated by two distinct mechanisms.
In the action potential shown, the mem-
brane rapidly returns to approximately 0 mV
following the initial depolarization. This rapid
phase of repolarization seems to be most prom-
inent in the Purkinje fiber (see Calcium-activated

currents). After this rapid repolarization, there
is a long-lasting phase of the action potential
where the membrane potential remains near
—20 mV to 0 mV with only a very slow re-
polarization evident. This is the plateau phase
of the action potential. It is maintained by a
delicate balance of small ionic currents and is
easily altered by conditions such as drive rate
or temperature.

ATRIAL AND VENTRICULAR MUSCLE

Like the Purkinje fiber, the most negative po-
tential reached in these cells is near —90 mV,
but under normal conditions these cells do not
show pacemaker activity (fig. 4—1). The term
“resting potential” is appropriate in describing
these negative potentials. Neither atrial nor
ventricular muscle cells have a rapid repolari-
zation phase following the initial upstroke, but
both have plateau phases of various shapes.
Also, the maximum rate of rise of the rapid
upstrokes of these cells resembles that of the
Purkinje fiber.

Action potentials in the heart are the result
of a complex interaction of several ionic cur-
rents. Regional differences in electrical activity
often result from the varying contributions of
different currents. The next section discusses
measurement of cardiac ionic currents and
identification of some key current components
that characterize electrical activity of the differ-
ent anatomic regions.

Electrical Analogues: Equivalent Circuits

The mathematical description of impulse con-
duction based on local currents in nerve {5} is
basically the same formalism originally devel-
oped by Kelvin to describe transmission of
electrical signals along submerged telegraph ca-
bles and is thus referred to as “cable theory”.
In addition to describing impulse conduction,
cable theory provides the foundation upon
which methods for measuring membrane cur-
rents in excitable cells are built. The cable
properties of heart tissue are presented in more
detail in chapter 6, but some of the conse-
quences of these properties will be briefly dis-
cussed here in the context of ionic current mea-
surement.



86 I. CARDIAC MUSCLE

One of the simplest and oldest biophysical
representations of the permeability properties
of cell membranes is the linear (ohmic) equiv-
alent circuit. This circuit corresponds to the
lumped electrical properties of local patches of
membrane. It consists of membrane capacitance
(Cy) and ionic conductances that provide path-
ways for transmembrane movement of per-
meant ions. Although such a model does not
provide insight into how ions actually move
across membranes {6}, it is extremely useful in
studying both the cable properties and the elec-
trical responses of excitable cells.

Membrane structure accounts for the mem-
brane capacitance {2}, which is fairly constant
in most biologic membranes (~1 WF cm™?).
Charge must be added to one side of the cell
membrane and subtracted from the other in or-
der to change the voltage across the membrane
capacitance, as is the case for any two conduct-
ing surfaces that form a capacitor. This charge
movement comprises a displacement, or capac-
ity, current that is related to the rate of change
in voltage across the membrane capacitance
(C,) as follows:
I, = C,dV,/dr @.1)
According to this expression, membrane poten-
tial (V) will not change if there is no change
in charge across the membrane capacitance.
This equation also shows that, when there is
capacity current, the rate of change of voltage
is proportional to the magnitude of the current
flowing into and out of the capacitor’s conduct-
ing surfaces.

A region of membrane is referred to as “‘ac-
tive” when the permeability to one or more
ions suddenly increases in this region. Then,
positively charged ions move down their elec-
trochemical gradients through open channels.
This excitatory inward current adds positive
charge to the inner surface of the cell mem-
brane and thus leads to local depolarization. In-
tracellularly a longitudinal voltage difference is
established between this depolarized region and
more distant regions still at rest. This voltage
drop forces ion movement (mostly K*) from
active to passive areas and sets up the local cir-
cuit currents that spread the depolarization.

At each patch of membrane, the total trans-
membrane current (I,) divides between capac-
ity current (that changes the voltage across the
membrane) and ionic current (I;) that flows
through the conductive pathways shunting the
membrane capacitance. Total membrane cur-
rent is thus the sum of these two components:

Im = Ii + Ic (42)
or, using equation 4.1 for I,
Im = Ii + Cdem/dt (4 . 3)

Measurement of lonic Current

Two important experimental conditions can be
imposed to simplify equation 4.3 and permit
analysis of membrane curtent. In one case, lon-
gitudinal voltage gradients are considerably re-
duced, and that minimizes local circuit cur-
rents. In the squid axon, this can be
accomplished by short-circuiting the axon in-
terior with an intracellular, low-resistance, ax-
ial electrode. This condition has been termed
“space clamp” and active electrical activity
measured under space-clamp conditions is
called a “membrane action potential”. In this
case the net transmembrane current must be
zero, and equation 4.3 simplifies to
CdV/idt = —Iipnic (4.4)
Although the multicellular nature of heart
muscle precludes the experimental simplifica-
tion used in nerve, equation 4.4 can be applied
to small isolated cardiac preparations. Then,
under conditions approximating zero longitu-
dinal current, equation 4.4 can be used to es-
timate net ionic current from time-dependent
changes in membrane potential. However, this
approach must be used with caution as it is
restricted by frequency-dependent changes in
membrane capacity {7, 8} as well as nonlinear
characteristics of cardiac currents {9].

Another simplification of equation 4.3 oc-
curs when membrane potential is measured and
experimentally controlled by passing current
from an intracellular current source. This tech-
nique is referred to as “voltage clamp”. Since
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voltage is controlled, capacity current (exclud-
ing brief transients) is eliminated, and the total
applied current (which is measured) becomes
transmembrane ionic current (I;). Once again
this requires uniform voltage control, a condi-
tion which can be attained in squid axon with
axial wire arrangements, but only approxi-
mated in multicellular cardiac preparations.
Several recent advances, however, have im-
proved the reliability of cardiac voltage-clamp
measurements. These include the computation
of limiting properties of multicellular heart
preparations {10} and the introduction of single
isolated cardiac cells that can be voltage
clamped {11}.

The lonic Basis of Cardiac
Electrical Activity

SOME BASIC NOMENCLATURE
Before discussing the ionic basis of cardiac elec-
trical activity, it will be useful to review some
basic concepts that are used in descriptions of
ionic currents. From the preceding section (eq.
4.4), it is clear that, under experimental con-
ditions that minimize impulse propagation
(space clamp), the rate of change of membrane
potential is given by the magnitude and direc-
tion of the total ionic current flowing across the
membrane. By convention, negative current
(inward movement of positive charge) depolar-
izes the membrane and thus produces a positive
dV_/ds. Total membrane current generally is
the summation of several component ionic cur-
rents, and it is the experimenter’s goal to char-
acterize each current component. Each current
is described as the product of a conductance
(G)) and a driving force (V, — V)):
L =G XV, —V) @4.5)
where V; is the equilibrium potential for a
given channel (see chapter 3) and E;, is mem-
brane potential. In general, the conductance G;
may be a function of membrane potential and
time.

Ions move across membranes through chan-
nels that can discriminate between possible
charge carriers. The relative permeability of a

channel to various ions, the channel selectivity,
is reflected in the equilibrium potential. This
is the potential of zero net current through the
channel, and it is a function of the transmem-
brane concentration gradients of the permeant
ions.

TWO INWARD CURRENTS IN THE HEART
Action potentials in the heart may be divided
into two general groups based on rate of depo-
larization. In one group (atrial and ventricular
muscle, Purkinje fibers), the action potentials
are characterized by very rapid (500 V/s) up-
strokes; whereas in the second group (SA and
AV nodal fibers), the action potential rises with
a markedly slower upstroke (10 V/s). Using
equation 4.4 as a guide, this contrast in up-
stroke velocity suggests that the regenerative
inward current in the nodes might be much
smaller than in other cardiac tissues. Another
distinction between these groups is the voltage
range from which these upstrokes emerge. The
nodal tissues are activated over a considerably
more positive voltage range than the other car-
diac preparations.

These two observations provide clues to the
existence of two inward currents in cardiac cells
which may be distinguished both by the volt-
age range over which they contribute to ionic
current and by the differences in their sizes.
Considerable experimental evidence now sup-
ports this view and provides several criteria for
distinguishing these excitatory currents. One
current, carried by sodium ions, resembles re-
generative sodium current in nerve and skeletal
muscle and is responsible for the rapid upstroke
and fast impulse conduction in atrial and ven-
tricular muscle as well as the special conduct-
ing tissue. A second current, carried princi-
pally by calcium ions, generates the nodal
upstroke, underlies slow impulse conduction in
the AV node, and maintains the plateau phase
of the action potential in other parts of the
heart.

Sodium Current. The upstroke of the action
potential of working cardiac muscle and cells of
the specialized conducting tracts, like action
potentials in nerve and skeletal muscle, is due
to a transient increase in membrane permeabil-
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ity to sodium ions. The very rapid rates of rise
of the action potentials in these tissues predict
(from eq. 4.4), that the current responsible for
these voltage changes is large (about 1 mA/
cm?).

Before the introduction of preparations that
were suitable for voltage-clamp analysis of large
inward cardiac currents {10-12}, experiments
on the upstroke and overshoot of the Purkinje
fiber action potential demonstrated the sodium
dependence of these parameters {13}. Later,
this same approach was used to probe the gat-
ing mechanisms of this channel {14} and to
study interactions of calcium ions and some lo-
cal anesthetics on them [15].

Sodium currents have now been studied un-
der voltage clamp in several cardiac prepara-
tions {11, 12, 16-18]. These currents appear
similar to sodium cutrents in nerve and skeletal
muscle. When the cell membrane is depolar-
ized beyond —65 mV, an inward current is
initiated that rises to a peak and then declines
within a few milliseconds (fig. 4-3A). As in
other excitable cells, this current is described
as current flow through channels regulated by
time- and voltage-dependent activation and in-
activation gates. At a particular time and volt-
age, the fraction of open sodium channels is
determined by the product of the activation
and inactivation gating parameters. The
steady-state voltage dependence of these param-
eters obtained in the rabbit Purkinje fiber is
given in figure 4—-3B.

As this product is zero at all potentials in
figure 4-3B, these curves predict that the so-
dium conductance must also be zero in the
steady state. These data were obtained at low
temperatures. However, at more physiologic
temperatures, there appears to be a region of
overlap of these two parameters that results in
a “window” of steady-state sodium current over
the plateau voltage range {19-21}. This cur-
rent accounts for the effects of tetrodotoxin
(TTX) and sodium removal on the cardiac ac-
tion potential plateau {22, 23].

Membrane potential affects the fraction of
sodium channels that are open and thus deter-
mines the number of sodium channels available
for impulse conduction. In the plateau poten-
tial range (fig. 4-3B), most of these channels
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FIGURE 4-3. Sodium current in the rabbit Purkinje fiber.
(A) Families of total membrane current obtained using
conventional protocols for inactivation (left) and permea-
bility (right). The inactivation curve was measured at a
constant test pulse voltage (— 38 mV) following 500-ms
prepulses. Permeability was measured from peak inward
currents measured at various test pulses from a —58-MV
holding potential. (B) Voltage dependence of relative so-
dium current inactivation (0) and permeability (®). Data
from Colatsky [16].

are closed (inactivated). The time course of re-
moval of sodium channel inactivation at dia-
stolic potentials determines the availability of
these channels for impulse conduction and con-
sequently the periods in which the cells remain
inexcitable (refractory). Sodium channels in the
heart thus resemble sodium channels in other
excitable cells in their voltage dependence and
sensitivity to local anesthetic drugs. But some
clues such as a distinctly low TTX sensitivity
as well as voltage-dependent TTX block {24}
suggest that cardiac sodium channels may dis-
play marked differences from those of other
cells. This interesting possibility is one exam-
ple of the important questions presently being
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investigated using voltage-clamp analysis of so-
dium currents in the heart.

Calcium Current

ACTION POTENTIAL EXPERIMENTS.  The action po-
tential of the Purkinje fiber or of working myo-
cardial muscle can be made to resemble electri-
cal activity of the SA or AV nodes by a variety
of experimental conditions that depolarize the
cells. Then, the Purkinje fiber action potential
is characterized by a very slow upstroke (about
10 V/s) and conduction velocity (0.1-0.01 m/s).
Consequently, it is referred to as a slow-re-
sponse action potential {3, 25}. Characteristics
of the slow response are discussed in chapter 8.

The current which generates the slow re-
sponse is now referred to as the slow inward
current (I;). It is carried principally by calcium
ions and is as much as 100 times smaller than
peak sodium currents. In addition to the slow
response, it underlies impulse conduction in
nodal tissue {26, 27} and is crucial to mainte-
nance of the plateau phase of action potentials
of myocardial and special conducting tissues
[28, 29}.

VOLTAGE-CLAMP STUDIES OF I, Voltage-clamp in-
vestigations in Purkinje fibers {30, 31} and
other preparations {32—34] demonstrated the
existence of a calcium-sensitive inward current
(Is;)). This current has many of the properties
suggested by slow-response experiments: it is
enhanced by catecholamines and blocked by
Mn’" and other metallic cations, and it has a
voltage dependence distinct from Iy,.

In intact preparations, I; has been analyzed
by Reuter, Trautwein and others (see Reuter
[35] for review). More recently, this current
has been measured in isolated single-cell car-
diac preparations {36-39} and in patches of
membrane obtained from cultured heart cells
[40]. It is described analogously to the sodium
current as current through a gated channel:

I; = Gsi *d*f* Ve — Vo) (4.6)

G,; is the conductance when all I; channels are
fully open, & is the activation parameter, f, the
inactivation parameter, and V; is the equilib-

rium potential. The voltage dependence and
kinetics of these gating parameters differ from
those of the sodium channel and account for
the properties of calcium-dependent upstrokes.
As suggested by the slow-response data, the
voltage range of I; inactivation is so different
from Iy, inactivation that calcium current can
be activated from potentials at which the so-
dium current is almost completely inactivated.

Examples of calcium channel current re-
corded from calf Purkinje fiber and rabbit SA
nodal preparations are shown in figure 4-4.
Comparison of the records shows that calcium
current is quite similar in both cell types as it
apppears to be in each of the cardiac prepara-
tions in which it has been measured (for recent
reviews, see Hagiwara and Byerly {41} and
Tsien [42]).

Reuter and Scholz {43} found that I; chan-
nels are not perfectly selective for calcium ions.
They found that Na or K ions also move
through this channel, but are approximately
100 times less permeant than calcium. Lee and
Tsien {39] have confirmed that K ions move
through this channel in isolated rat ventricular
cells, thus linking properties of cardiac chan-
nels to those of other excitable cells {41, 42].

PHARMACOLOGY AND SENSITIVITY TO NEUROHOR-
mones.  Calcium channels are not blocked by
tetrodotoxin, but instead are inhibited by a
rather diverse group of compounds. This group
includes the metalic cations La’", Mn? *,
Co’", and Ni’" as well as several organic
agents such as DG600, verapamil, nifedipine,
nisoldipine, and diltiazem. Although each of
these agents blocks calcium channel current
(see fig. 4-4A), investigations are beginning to
reveal differences in their specificities and
modes of action {39, 44, 45].

Calcium current in the heart is modulated
by neurohormones. It is decreased by muscar-
inic agents {46, 47} and increased by catechol-
amines {48]. Reuter and Scholz {49} have sug-
gested that the principal action of epinephrine
on I is to increase the maximal conductance
(G, of this channel. This can occur either by
increasing the maximal conductance of each I
channel or by creating more channels, each
with a constant single-channel conductance.
These investigators suggested the former, but
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this remains to be confirmed in studies in
which single-channel conductances are directly
measured {40].

OUTWARD CURRENTS: REPOLARIZATION
OF THE ACTION POTENTIAL

Delayed Rectification. The plateau phase of the
Purkinje fiber (as well as ventricular muscle)
action potential is maintained by a fine balance
between small inward and outward currents.
During the plateau phase, the membrane po-
tential changes very slowly, indicating little
net charge transfer across the membrane capac-
itance (see eq. 4.4). Then, as the balance tips
in favor of outward current, the net movement
of positive charge is from the inner surface to
the outer surface of the membrane, and repo-
larization of the cell begins. The gradual tran-
sition to outward current is due both to the
inactivation (decrease) of the calcium current I
and to the slow activation (increase) of a time-
dependent outward current.

Noble and Tsien {50} investigated the repo-
larization process in the Purkinje fiber. They
found a time-dependent outward current that
is activated over a potential range similar to the
plateau of the action potential. Its time depen-
dence consists of two components: one rela-
tively fast time constant (~500 ms) and the
other much slower (~5 s). When they used
voltage-clamp protocols to determine the equi-
librium potential for this current, Noble and

FIGURE 4—4. Calcium current in two cardiac cell types.
(A) Calf Purkinje fiber membrane current measured in
response to 250-ms voltage step before (a) and after ap-
plication of the calcium current blocker D600 (b). The
rapid downward current deflection is the calcium current
(I;) in control, and this is completely blocked by D600.
R.S. Kass, unpublished data. (B) Calcium current re-
corded in the rabbit SA node. The current shown is in
response to six voltage steps applied in 10-mV intervals
from 0 to 60 mV. Data from Noma et al. {78].

Tsien found the charge carrier of this current
to be largely, but not exclusively, potassium
ions. Because this channel is not completely se-
lective for one charge carrier, it was labeled I,
and expressed as the sum of its two compo-
nents:

L=1,+1; 4.7)

I, is the faster component and I, is the slower
component. This current is often also referred
to as the delayed rectifier in order to relate it
to repolarizing outward currents in nerve and
skeletal muscle. Figure 4—5A shows records of
I, taken from Noble and Tsien {50}.
Computer-generated reconstruction of the
Purkinje fiber action potential confirmed that
I, is crucial to the repolarization process in
these fibers {28]. Similar time-dependent out-
ward currents have now been reported in SA
nodal preparations (fig. 4-5B and Di Francesco
et al. {51}), atrial preparations, and in ventric-
ular fibers {52, 53]. Although not as crucial to
repolarization in the ventricle as in the Pur-
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FIGURE 4-5. Repolarizing outward currents in the Pur-
kinje fiber and SA node. (A) The slow activation of I, in
the sheep Purkinje fiber. Depolarizations to —20 mV and
— 10 mV produce slow increase in outward current. Hy-
perpolarization decreases the current. The tails of current
that follow these pulses are used to monitor changes in
the amount of I, turned on (or off) during the preceding
voltage pulse. (B) A similar procedure shows faster out-
ward current in the rabbit SA node. In this case, current
is shown in response to depolarizations of different dura-
tions to a test potential of —20 mV. The envelope of the
current tails that follow each test pulse is a measure of
the time course of the increase of this current. From Di
Francesco et al. {51].

kinje fiber {291, it does contribute to this pro-
cess in each of these cell types and even partic-
ipates in pacemaker activity in the SA node (see
Brown {54} for review) as well as in partially
depolarized ventricular {53} and Purkinje {55}
fibers.

I, is blocked by intra- {63} and extracellular
cesium ions {53} and by intracellular injection

of quaternary ammonium compounds {56}. It
is also very sensitive to norepinephrine {57},
increasing by as much as fourfold in maximal
concentrations of this neurohormone [48}.

Transient Outward Current. The very rapid re-
polarization that follows the sodium-dependent
upstroke of the Purkinje fiber action potential
is also generated by a transition from inward to
outward current, but in this case the transition
is due to the inactivation of Iy, along with the
activation and subsequent inactivation of a
large outward current.

Early voltage-clamp studies showed a tran-
sient outward current component that domi-
nated the early periods of currents recorded
during strong depolarizing voltage pulses.
These initial studies suggested that this was a
chloride current because it was greatly reduced
by chloride removal {58, 591, but these effects
of chloride substitution were later attributed to
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indirect effects on intracellular Ca activity
[601.

More recent studies have provided evidence
that potassium ions are the most likely charge
carrier for this transient outward current. This
conclusion is based on pharmacologic grounds:
the transient outward current has been shown
to be sensitive to compounds or procedures that
block K channels in other excitable cells. It is
sensitive to 4-aminopyridine and extracellular
tetraethylammonium {60, 61}, intracellular
quaternary ammonium ion compounds, [56}
and to replacement of intracellular potassium
by cesium {62, 63}].

This current was initially labeled I , but now
is referred to as I, (for transient outward cur-
rent). Its kinetic properties have not been com-
pletely analyzed, but it is clear that I, activates
quickly and inactivates, at least partially, with
time constants near 50 ms. Recent studies have
suggested that I, may also consist of two com-
ponents: one sensitive to intracellular calcium
and a second component that is not calcium
activated [64].

I, is most prominent in the Purkinje fiber,
where it contributes to the “notch” configura-
tion of the action potential. It is also present
in other cardiac cells, such as ventricular mus-
cle, although not as important in these tissues
(see McDonald et al. [65]).

Calcium-activated Currents. Calcium-activated
K currents are known to exist in a wide variety
of cells, and evidence has been presented that
I, 1s, at least in part, such a current. Siegel-
baum et al. {66] first demonstrated a possible
role of Ca; in regulating the conductance of the
I, channel, and this work has been supported
by further studies {64, 67}. In this view, the
time-dependent changes in I, are not entirely
due to modulation of the I, conductance by
voltage-dependent gates. Instead, this conduct-
ance is enhanced by intracellular calcium ion
concentration which changes in a phasic man-
ner during depolarizations.

Several properties of the delayed rectifier (I,)
have suggested that it too may be a calcium-
activated current. Calcium influx (I;;) precedes
the slower onset of I, and several compounds
that block I; also reduce I, {44}. In addition,

catecholamine-induced increases in I are ac-
companied by dramatic increases in I,. How-
ever, recent experimental evidence has shown
that I, activation can be separated from I; ac-
tivation by a new calcium channel blocker, ni-
soldipine {45]. Nisoldipine, as well as D600,
also prevents the increase of I;, but not I,, by
norepinephrine {48]. Thus it is not likely that
I, is activated by intracellular calcium ions

[68].

Pacemaker Current.  Although the Purkinje fi-
bers are not the dominant pacemaker cells in
the heart, the ionic basis of pacemaker activity
was first investigated in these cells because of
their experimental accessibility. Once again,
using equation 4.4 as a guide, it is evident that
slow pacemaker depolarization must be due to
the unmasking of net inward ionic curtent.
Weidmann (see Tsien et al. {69]) suggested
three possible explanations:

1. a slow increase in sodium permeability,
a slow decline in potassium permeability,
and

3. aslow decline in outward current carried by
an Na pump (see below).

Vassalle {70} combined voltage-clamp and cut-
rent clamp techniques and found support for
explanation 2. Later, Noble and Tsien {71}, in
a very detailed investigation, characterized the
properties of this pacemaker current, which
they called Ig,. Their data provided evidence
that this current is carried via gated potassium
channels (see fig. 4—6). All of these channels
are in an open state when the membrane poten-
tial is more positive than —60 mV, and they
begin to close as the membrane becomes more
negative during the repolarization process. The
time course of the transition of these channels
from open to closed states determines the rate
at which total membrane current becomes less
outward, and thus accounts for the slope of the
pacemaker depolarization (eq. 4.4). A similar
mechanism is responsible for SA nodal pacing
(see Brown [54}).

Although pharmacologic evidence supports
the theory that Purkinje fiber pacemaker cur-
rent is largely carried by K ions, recent exper-
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FIGURE 4-6. Pacemaker current (Ig,) in the sheep Pur-
kinje fiber. Membrane current is shown in response to
step voltage changes in the diastolic range of potentials.
This is the superposition of six records in which current
tails were used to monitor changes in this current {71}.

iments have raised the possibility that the sit-
uation is more complicated due in part to
accumulation or depletion of K™ ions in the
intracellular spaces of this preparation {72-74].
Di Francesco {751 has suggested that Ig, may
be due, at least in part, to a time-dependent
inward current. Future studies of pacemaker
currents in isolated Purkinje cells will help re-
solve these views.

Chronotropic Actions of Neurotransmitters. Not-
epinephrine increases heart rate; acetylcholine
slows it. Although the best-known action of
vagal stimulation (causing release of acetylcho-
line) is to increase a passive potassium conduct-
ance, both of these neurotransmitters also affect
gated channels, and it is the sum of all of these
effects that determines the overall response of
the heart.

The effects of norepinephrine on heart rate
also were first well characterized in the Pur-
kinje fiber. Tsien {76} found that this catechol-
amine affects the kinetics of the Ig, channel in
a manner that speeds its decay in the diastolic

potential range. This increase in the “turnoff”
of outward current results in an increased slope
of depolarization (eq. 4.4). A similar situation
exists in the SA node, but the effects of nor-
epinephrine on I; also contribute to the faster
pacing in these cells. Similarly the slowing of
nodal pacing by acetylcholine is due, in part,
to is inhibitory actions on nodal calcium cur-
rent (see the preceding section).

Summary

This chapter has focused on the major time-
dependent ionic currents that contribute to car-
diac electrical activity. It has not discussed
time-independent, background currents (see
Noble {2}) electrogenic Na-K pump currents
(see chapter 18 and Vaughn-Jones et al. {77]),
or possible roles of Na-Ca exchange in cardiac
electrical activity (see chapter 10).

On the other hand, it has presented a review
of several currents that have been characterized
in the heart and has provided references for
more detailed study of each of them. Cardiac
electrophysiology is an exciting area of study
that is rapidly changing as newer and more
quantitative experimental techniques are intro-
duced. As this field of study expands, we in-
crease our understanding of the mechanisms
that underlie the complicated patterns of elec-
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trical activity in the normal heart, and we fur-
ther our ability to correct electrical distur-
bances in diseased states.
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5. ELECTROGENESIS OF PACEMAKER
POTENTIAL AS REVEALED BY AV
NODAL EXPERIMENTS

H. Irisawa,
A. Noma,
S. Kokubun,
and Y. Kurachi

Introduction

The atrioventricular (AV) node has two vitally
important functions. One is its role in the con-
duction through atrium to ventricle. The slow
conduction of excitation within the node 1, 2}
provides an adequate time delay between the
contraction of atria and that of ventricles and
enables the heart to function as an efficient
pump. Another function of the AV node is its
secondary pacemaker activity. When the sino-
atrial (SA) node fails to control cardiac rhythm,
as a result either of depressed automaticity or
impaired conduction, the AV node functions as
a pacemaker of the heart.

After the discovery of the AV node [3],
there were major developments of the physio-
logic concept of the AV node in the late 1950s,
when the membrane potentials of the AV node
were thoroughly studied. Today, almost all of
the basic concepts of AV node have been inves-
tigated. However, because the studies have
been mostly limited to the analysis of the ac-
tion potential pattern and the maximum rate of
depolarization, it is still unclear whether mea-
surements reflect the membrane property of the
AV nodal cell or the propagated action poten-
tial. Does slurred upstroke with steps or

N. Sperelakis (ed.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART.
All rights reserved. Copyright © 1984.

Martinus Nijhoff Publishing, Boston/The Haguel

Dordrecht!Lancaster.

notches frequently described in the N cell rep-
resent a strange characteristic of the inward-
current system or simply an artifact due to the
conduction block? Does acetylcholine increase
the membrane potassium conductance or de-
press the slow inward current? Is action poten-
tial generation independent from the mem-
brane potential? In order to answer these
questions, direct measurement of the mem-
brane current is essential.

In 1976, Noma and Irisawa {4} developed
the small SA nodal preparation useful for the
voltage-clamp experiment on the primary pace-
maker cell. This method has become a conven-
tional technique in several different laboratories
for study of the SA node (for review, see Iri-
sawa {5} and Brown {6}). In this chapter, re-
sults of our study on AV nodal cells are re-
viewed. The small preparation of AV nodal
cells showed very similar electrophysiologic
characteristics to those observed in the SA
node.

Materials and Methods

Rabbit AV node lies between the ostium of the
coronary sinus and the leaflet of the tricuspid
valve {7]. Its size is approximately 5 X 3 mm.
Before preparing the small specimen, we ex-
amined the configuration of the action poten-
tials of the intact AV node (fig. 5—-1B). We
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subdivided the nodal region into 15 small por-
tions as shown in figure 5—1A. From region I,
the action potential pattern which was similar
to those of atria was recorded, but the maxi-
mum rate of rise of this potential was 28.6 V/s,
which was smaller than those usually observed
in atrial tissue. From region V, the pattern
similar to the NH cells (original nomenclature)
was recorded, but the maximum rate of rise
was very small compared with that observed in
the His bundle. In region III, the amplitude of
the action potential was smallest, the resting
potential being less negative than the two other

FIGURE 5-1. (A) Photograph showing the AV nodal re-
gion of the heart: CS, coronary sinus; RA, right atrium;
FO, foramen ovale; RV, right ventricle; TV, tricuspid
valve; HIS, His bundle; A, B, and C, I-V, see text. (B)
Action potentials recorded in intact AV nodal specimens
1, I1I, and V correspond to those of I-B, III-B, and V-B
in figure 5—1A. From Kokubun et al. {30}.

potentials. All of these action potentials com-
prised the conducted action potential. These
potentials, which we recorded from the intact
sheet preparation, were similar to those ob-
served by Akiyama and Fozzard {81, Ruiz-
Cretti and Zumino, {9], and Zipes and Mendez
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FIGURE 5-2. Action potentials recorded in the small spec-
imens of AV node: I, III, and V correspond to I-B,
II-B, and V-B in figure 5-1A. From Kokubun et al.
[30}.

[10}, indicating that the region we investi-
gated was in fact the AV node defined by the
previous authors.

We then transected the AV nodal region
perpendicularly to the AV ring into five 1-mm-
wide strands. Both sides of each strand were
trimmed bit by bit to a width of 0.5 mm.
These strands were numbered from I to V (fig.
5—1A). We removed the epicardial side of these
thin-strand preparations, while the endocardial
side remained intact. Each strand was then li-
gated by a silk suture into three equal portions,
which were labeled A, B, and C.

When we used the voltage-clamp method,
this size was not sufficiently small. We had to

trim the preparation stepwise to 0.25 X 0.25
X 0.1 mm. The trimming procedure was de-
liberate, using a fragment of razor blade.

Action Potentials in the Small
AV Nodal Specimen

Figure 5-2 shows one example of the action
potentials recorded from such a small speci-
men. In ten experiments, 4—6 specimens of re-
gions I-A, I-B, II-A, and V-C were quiescent,
but mostly the individual small preparation re-
vealed spontaneous activity, as seen by the
slowly rising pacemaker depolarization (fig.
5-2). In contrast to the regional variation of
the action potential configuration observed in
the intact AV nodal specimens, the action po-
tential parameters from the small AV nodal
specimens showed similar values in every 15
portions.

The amplitude of the action potential in the
small specimens was slightly larger than that
in N cell reported in the references {8, 10} but
the maximum rate of rise and the duration of
action potentials were comparable to those de-
scribed in many reports, including the most re-
cent one (fig. 6 in Mendez {11}).

The resting potential of the small AV nodal
specimen was approximately —44 mV, and
this value was obviously more positive than the
resting potential in the intact AV nodal speci-
men (—62 mV in three quiescent specimens).
The latter value is in good agreement with the
data reported by other investigators {8—10}. In
the small preparation, resting potential and
maximum rate of rise of action potential were
low, but the amplitude and the overshoot were
normal and no slurred upstroke was observed.
In the small AV nodal specimen, action poten-
tials recorded from three different sites coin-
cided well, indicating a synchronous excitation
within the specimen.

In the small AV nodal specimen, acetylcho-
line hyperpolarizes the membrane in a same
manner as in the SA nodal cell (hg. 5-3).
Membrane hyperpolarized by the superfusion of
acetylcholine (1077 g/ml) and cessation of the
spontaneous activity was observed.
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RESPONSE TO THE CURRENT INJECTION

The membrane potential of the small AV nodal
specimen could be controlled by injecting cur-
rents through a second microelectrode. When
the size of the specimen was larger than 0.5
mm, point injection of the current with the
second microelectrode produced no frequency
modulation {12]. In the larger specimen, cur-
rent injected by using a suction electrode with
a tip diameter of 0.1 mm caused frequency and
amplitude modulation {13, 14}. Mendez {11}
repeated Shigeto and Irisawa’s experiment us-
ing a large-diameter micropipette located over
the His bundle. They found the maximum rate
of rise of N cell action potential only very
slightly reduced. Knowing the space constant
of this region {15}, it is rather clear that the
point of injection of the electric current from
His bundle cannot change the frequency of the
midnodal cells.

In the small AV nodal specimen, any por-
tion of the AV node shown in figure 5—1, both
frequency and amplitude modulation occurred
in response to the injection of current (fig.
5—4). With depolarizing current pulses, the
maximum diastolic potential decreased and the
frequency of the spontaneous discharge in-
creased, whereas cessation of spontaneous activ-
ity occurred during application of hyperpolar-
izing current.

In this example, the lowest membrane po-
tential supressing automaticity was —60 mV,
which was close to the resting potential of the
intact quiescent AV nodal specimen.

FIGURE 5-3. Effect of acetylcholine on the small AV no-
dal specimen; 1077 g/ml acetylcholine was superfused.
Original trace by S. Kokubun.

PRESENCE OF ELECTROGENIC Na PUMP
IN THE SMALL AV NODAL SPECIMEN

The electrogenic Na-K pump has also been
found in the small AV nodal specimen {16,
171. The electrogenicity of the Na-K pump

Omv
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FIGURE 5-4. Current clamp experiment in the small spec-
imens. In each panel the top trace represents the mem-
brane potential, while the bottom the applied current:
(A) depolarization of 11.4 nA; (B) hyperpolarization of
17.1 nA. From Kokubun et al. [30].
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FIGURE 5-5. Effect of 50 mM K solution on transient
hyperpolarization. The experiment was carried out in
10~¢ g/ml D-600 solution. From Kurachi et al. [16].

was determined by using a procedure of K-in-
duced transient hyperpolarization after brief ex-
posure to K-free Tyrode solution (fig. 5-5). K-
free Tyrode solution was perfused for as long as
2 min, followed by the perfusion of 50 mM K-
Tyrode solution. The oscillatory potential
changes were observed after the long exposure
to K-free solution. As the perfusion fluid was
switched to the high-K Tyrode solution, mem-
brane hyperpolarized as negative as —69.3
mV, which is obviously more negative than the
K equilibrium potential of —28 mV when in-
tracellular K concentration was 150 mM. This
transient hyperpolarization was abolished after
the application of 107 °M strophantidin. The
membrane slope conductance remained un-
changed during the transient hyperpolariza-
tion. The order of potencies of monovalent cat-
ions to activate the K site of the Na pump was
T1 > Rb = K > NH4 = Cs > Li, which was
similar to the sequences reported in the litera-
ture. These findings indicate that the Na pump
in the AV nodal cells shares common character-
istics with those other excitable tissues and
confirm that the small AV nodal specimen
maintains normal physiologic characteristics
well even after the repeated trimming proce-
dure.

MEMBRANE CURRENTS IN THE AV
NODAL CELL

Use of the small AV nodal specimen also en-
abled us to study the voltage-clamp experi-
ment. The conventional two-microelectrode
voltage-clamp method was applied {18}. Mem-

brane current systems were extensively studied
in mammalian Purkinje fiber, ventricle fiber,
and SA nodal cells [19]. Noma et al. {20} and
Kokubun et al. {15} have reported the ionic
current systems of the AV nodal cells. In the
following, we summarize these results.

For the purpose of the voltage-clamp exper-
iment, the dimensions of the small AV nodal
specimen should be as small as 0.2 X 0.2 X
0.1 mm. The specimen continued to contract
spontaneously at this size and revealed normal
action potential patterns. Voltage homogeneity
within the small specimen was examined using
three microelectrodes. We confirmed no serious
deviation from the command pulse except for a
deviation of 5 mV during the initial 10 ms
into the clamp pulse {20].

Figure 5-6 presents a family of voltage-
clamp traces, from the holding potential of
—40 mV to either +10 mV or — 100 mV in
10-mV steps. Before this clamp experiment,
the specimen showed spontaneous activity: the
amplitude of action potential was 98 mV and
the maximum rate of rise of depolarization was
11 V/s. When the clamp was initiated, the
transient current change due to the previous ac-
tion potentials subsided and was followed by a
steady membrane current. The steady current
level was outward at holding potentials more
positive than —35 to —40 mV and was in-
ward at more negative holding potentials. On
depolarization, the slow inward current was
elicited, which was sensitive to D-600 but in-
sensitive to tetrodotoxin (TTX). The progres-
sively activating outward current was followed
after the inactivation of the slow inward cur-
rent, and it decayed gradually after the clamp
pulse was repolarized to the holding potential.
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This outward current component was a potas-
sium current, similar to the ig in the SA node.
The outward current tail has two components,
fast and slow. When the membrane potential
was clamped at + 10 mV for as long as 1 s and
then held back to the holding potential, the
fast component revealed a time constant of 133
ms while the slow component showed 1234
ms. These findings were also in good agree-
ment with ig in the SA node {5, 6}.

In AV nodal cells, we also observed the hyper-
polarization-activated current (i, [22], if [21],
and i, {23}). On hyperpolarization from the hold-
ing potential of —40 mV, at the first two or three
steps (— 50 to — 60 mV), a gradually decaying ix
was observed, but at the potential more negative
than —70 mV, i, was activated. On return to the
holding potential, the sodium current (iy,) and
the slow inward current were activated and the
inward current was observed after the capacitive
surge. In some specimens, we could not register
the i, while the specimen showed spontaneous ac-
tivity.

When the clamp circuit was switched off,
the specimen immediately resumed sponta-
neous activity. The configuration of the action
potential was almost the same as before the
clamp.

Partial Participation of iy,

There is accumulating evidence that AV nodal
cells, especially at the midnodal region or the

FIGURE 5-6. Voltage-clamp records trom AV nodal cells
in Tyrode solution: upper traces, the potential; lower
traces, the corresponding current traces. Holding poten-
tial (—40 mV) duration of each test pulse was 1 s and
the clamp pulsing rate was 0.1 Hz From Kokubun et al.
[15].

N cell region, have a slow inward channel {10,
24, 251. True nodal cells (N cells) are resistant
to the effect of TTX, but are suppressed by an
application of manganese as well as verapamil.
However, Ponce Zumino et al. {26} and De
Ceretti et al. {27} have suggested that even in
the midnodal region there is a fast Na channel.
The response of the individual researcher to
these findings may vary. One can state that
their midnodal cell is not an N cell, but a tran-
sitional cell. On the other hand, others may
claim that the N cell is insensitive to TTX at
its normal resting potential, where most of the
Na channels are inactivated. If the membrane
hyperpolarized more negative than —70 mV,
ina became activated. This is indeed so in the
SA nodal cell {28, 29}. These questions can
only be answered in the AV node, where the
membrane potential can be varied quantita-
tively.

Kokubun et al. {30} have shown the pres-
ence of iy, in the small AV nodal specimen iso-
lated from the mid-AV-nodal area (fig. 5-7).
TTX in a concentration of 10~ g/ml caused a
very small (6%) reduction of both the ampli-
tude and maximum rate of rise. The sponta-
neous activity never ceased within this TTX
concentration, but application of 4 mM Mn**
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FIGURE 5-7. Effects of TTX and Mn’* on the AV nodal
action potential. In each panel the upper trace is the max-
imum rate of rise of depolarization. From Kokubun et al.

{301

suppressed the action potential within 2 min.
Verapamil 107° g/ml had a similar effect.
These facts correspond fairly well with other re-
ports and support the possibility that we are
recording from the N cell of classic nomencla-
ture. Using the voltage-clamp method, we

= 0mV

FIGURE 5-8. Effect of TTX on the upstroke of the anodal
break excitation: (A) in Tyrode solution; (B) 1077 g/ml
TTX was added to the control Tyrode solution. From Ko-
kubun et al. {15].

then hyperpolarized the cell to —83 mV for
0.5 s to restore the availability of iy,. On re-
leasing the feedback circuit, the anodal break
excitation was registered. The upstroke of this
break excitation contains two phases, fast (75
V/s) and slow (4.2 V/s). After superfusing TTX
(1077 g/ml) the fast-rising phase disappeared.
The slow phase was activated after the initial
foot, which reflects the time constant of the
resting membrane. It should be noted that the
peaks of the two anodal break excitations are
similar (fig. 5—8). Based on these findings, we
concluded that even in the midnodal region
there are partial contributions of iy, to the ac-
tion potential, but the major current at the
normal resting potential range is the slow in-
ward current.

Effects of Na-free and Ca-free Tyrode
Solutions on the AV Node

When all Na within the normal Tyrode solu-
tion was removed and replaced with Tris, the
AV nodal specimen immediately became quies-
cent. The holding current level became more
outward by 20 nA under this condition. The
slow inward current was still present, but its
amplitude relative to the holding current was
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slightly smaller than that in the control. The
time-dependent increase of the outward current
in Na-free solution seemed to be larger than
that in the control, and the leak current was
also increased in Na-free solutions. As is illus-
trated in figure 5—9A, the outward current com-
ponent at 250 ms into the clamp pulse gives
an almost linear relationship against membrane
potentials. These results clearly show that AV
noaal cells can be excitable within Na-free
solutions. Because of the increased outward
current and leak current, the duration of ac-
tion potential within Na free solution is
brief.

In Na-free solution, spontaneous activity
failed to occur because the marked increase in
the holding current in an outward direction hy-
perpolarized the membrane. Under this condi-
tion, if the perfusate contains 5 mM Ba, the
AV node can resume spontaneous activity. A
similar phenomenon was observed by Wiggins
and Cranefield {31}, who observed sustained
thythmic activity in Purkinje fiber exposed to
Na-free solution containing 4 mM Ba, 16 mM
Ca, and 128 mM TEA. These observations also
can be explained from the I-V relation shown
in figure 5-9A.

The AV nodal specimen also became quies-
cent when the perfusate contained 0.5 mM
EGTA and Ca was not added to the solution.
The holding current shifted outward by about
10 nA (fig. 5-9B). The amplitude of the slow
inward current gradually decreased and, within
3 min, disappeared. On continuing the perfu-
sion of Ca-free solution, an inward current hav-
ing the slow-inactivation time course began to
appear within 2 min. This inward current
was completely blocked by an application of
D-600. The current and voltage relationship in
Ca-free solution is illustrated in figure 5-9B.
At 330 ms into the clamp pulse, the negative
slope was between —40 and —20 mV. This
negative slope was abolished by the influence of
verapamil and therefore must be an incomplete
inactivation of the slow inward current. These
findings indicate that the inward current re-
corded in Ca-free solutions is carried by Na
ions through the slow inward current channels.
Existence of the slow inward current in Na-free
ot Ca-free solution strongly suggests that the
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slow inward current in the AV nodal cell may
not be carried by a single ionic species.

The slow inward current found in the heart
muscle was identical to the Ca current in many
other excitable tissues. This was confirmed in a
single ventricular cell experiment and in sin-
gle-channel analysis. It might therefore be safe
to state that the AV node has a Ca channel
through which both Ca and Na can pass. This
finding is in good accord with previous find-
ings in the AV node [8]. Action potential elic-
ited within Ca-free solution had a long plateau
phase. This pattern of action potential can also
be explained from the I-V relationship de-
scribed above.

Latent Pacemaker Activity of the AV
Nodal Cell

The voltage-clamp experiment described above
revealed that AV nodal cells possess dynamic
current systems quite similar to those in SA
nodes, and thus in the case of failure of the SA
nodal rhythm and impaired atrial conduction
AV nodal cells can play the role of a pace-
maker. In the normal intact heart, however,
AV nodal cells never excite spontaneously. The
resting potential of the intact quiescent AV nod-
al specimen was approximately —G60 mV,
while in the spontaneous small AV nodal spec-
imen, it was approximately —40 mV. It is
well known that the resting potentials of the
His fiber and the atrial fiber are more negative
than —70 mV. In the current clamp experi-
ment we knew that spontaneous excitation
ceased at a membrane potential of —60 mV.
These findings indicate that a low resting po-
tential is one condition necessary for the AV
node to retain its spontaneity.

It was recently shown {32} that in the SA
node the current iy, is entirely different from
the inward rectifier that has been commonly

FIGURE 5-9. Effect of Na or Ca depletion on the slow
inward current. The holding potential was —40 mV. The
current voltage relations measured at the peak of the in-
ward current (closed symbols) and at 250 ms (A) or 330
msec (B) into the clamp pulse (open symbols): circles,
control Tyrode; triangles, in test solutions in (A) Na free
solution and in (B) Ca-free solution. From Kokubun et
al. [15).

observed in ventricular cells {33} and skeletal
muscle cells [34]. The hyperpolarization-
activated current i, is carried by several ions
while the inward rectifier is carried by K*.
The i, is insensitive to the external application
of Ba, while the inward rectifier is abolished.
Both i, and inward rectifier are abolished by
application of Cs* {[32]. The inward rectifier
hyperpolarizes the membrane to the resting po-
tential close to the Ex value. If the AV nodal
cell has no such channel, then presence of iy,
may depolarize the membrane of the AV node
to —60 mV. At this potential, the membrane
is still quiescent, but if some increase in the
leakage current occurs, the membrane will fur-
ther depolarize, which will initiate spontaneous
activity. In fact, Kokubun managed to recon-
struct the action potential of the AV node and,
by reducing the leakage current component,
the model became quiescent.

Findings in Isolated AV Nodal
Cluster Cells

The small AV nodal specimen was convenient
for the study of the ionic currents of the AV
node. Taniguchi et al. {35} recently isolated
the AV nodal cell after collagenase treatment.
Compared with the size of ventricular cells, di-
ameters of AV nodal cells are small; in 85 mea-
surements in Tyrode solution, 93*23 um
long and 14 =6 pwm wide. On the other hand,
ventricular cells were 115*33 um long and
29+9 wm wide (in 102 measurements). The
ventricular cells are not spontaneously active
within Tyrode solution, containing 1.8 mM
Ca. When AV nodal tissue was dispersed
within Tyrode solution, another marked find-
ing was the presence of cluster cells. The clus-
ter contains 3—10 rounded cells. These rounded
cells are unstained by trypan blue, suggesting
that the cells are alive. In ventricular cells,
such a round cell showed no resting potential,
but AV nodal cluster cells showed action po-
tential configurations very similar to those in
the intact AV nodal specimen. Figure 5-10 il-
lustrates the voltage-clamp experiments in the
flat AV nodal cell cluster, about 50 pm wide
and 100 wm long. A two-microelectrode volt-
age clamp was used. The slow inward current,
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outward K current, and its tail current were all
comparable to those obtained in the small AV
nodal specimen. These cluster cells respond to
acetylcholine and adrenaline in the same way as
the small AV nodal specimen. Moreover, we
can inject chemicals into the cluster cells
through the microelectrode. We found this
cluster preparation is also useful for the study
of the AV node.

Conclusion

Although fundamental knowledge about the
electrophysiology of AV nodal cells has accu-
mulated during the past decade, the ionic cur-
rents underlying the slow conduction and the
latent pacemaker activity of the AV nodal cell
have not been studied because of the lack of a
voltage-clamp method. Instead of the tradi-
tional sheet specimen of the AV node, which
contains a mixture of information about mem-
brane action potentials, and propagated action
potentials, either the small AV nodal specimen
or the AV nodal cluster will provide more de-
finitive knowledge about AV nodal function.

In the midnodal region, it was difficult to
find a cell that could not be voltage clamped
by the conventional method. AV nodal cells
have a Ca channel through which both Na™
and Ca** flow.

All discrepancies found in this experiment
and those in the previous reports {36, 37, 38}
resulted from the difference of the specimens,
small and large. There are indeed nodal cells in

FIGURE 5-10. Voltage clamp experiments in the flat AV
nodal cell cluster, about 50 wm wide and 100 pm long.
The holding potential was —40 mV and the clamp pulses
were applied in 10-mV steps at depolarization (—30 to
+30 mV) and hyperpolarization (—90 to +50 mV).
Straight lines on the current traces represent O level and
dotted lines represent 10 nA outward current. From
Taniguchi et al. {35].

the AV nodal region, having a low resting po-
tential, smaller size, and the Ca channel, and
the difference between the midnodal region and
the transitional region may be a quantitative
one.
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6. CABLE PROPERTIES AND
CONDUCTION OF THE ACTION
POTENTIAL

Excitability, Sources, and Sinks

Morton F. Arnsdorf

Introduction

Cardiac excitability has a certain intuitive
meaning suggesting the ease with which car-
diac cells undergo individual and sequential re-
generative depolarization and repolarization,
communicate with each other, and propagate
electrical activity in a normal or abnormal
manner. The heartbeat arises from a highly or-
ganized control of ionic flow through channels
in the cardiac membrane, the myoplasm, the
gap junctions between cells, and the extracel-
lular space. These bioelectrical events are reg-
ulated within very tight limits to allow the co-
ordinated propagation of excitation and
contraction of the heart that is necessary for an
efficient cardiac output. Abnormalities in the
regulatory mechanisms often accompany cat-
diac disease.

The topic of cardiac excitability is very com-
plex and seems to be getting more complex. In
1962, Noble described cardiac membrane
events in terms of two currents {1}. The most
recent reviews by Trautwein in 1973 {2}, by
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McAllister et al. as well as by Fozzard and Bee-
ler in 1975 {3, 4}, and by Fozzard both in
1977 and 1979 {5, 6] require at least two or
three inward currents and four, or perhaps
more, outward currents with numerous control
mechanisms for the passive and active mem-
brane properties. A quantitative theoretical and
experimental scientific definition of cardiac ex-
citability has proven to be a severe challenge to
the researcher and the clinician.

As a first approximation, the components of
cardiac excitability fall into two general cate-
gories: passive and active membrane properties.
Passive membrane properties are characterized
by a response proportional to the stimulus; ac-
tive membrane properties by a response out of
proportion to the stimulus. Passive membrane
properties include the determinants of the rest-
ing potential such as intracellular and extracel-
lular ionic activities as well as the energy-re-
quiring pumps that maintain the ionic
gradients and both linear and nonlinear cable
properties. Active generator properties include
the liminal length, which is the critical
amount of tissue that must be raised above
threshold to overcome the repolarizing effects
of adjacent resting tissues and to result in ex-
plosive regenerative depolarization, and the
voltage- and time-dependent membrane ionic
conductances which control the ionic currents
responsible for normal and abnormal depolari-
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zation, tepolarization, and automaticity. It is
the active membrane properties that are unique
to excitable cells. Propagation of the action po-
tential depends on both passive and active
membrane properties as they relate to the rest-
ing potential, subthreshold events, the fulfill-
ment of the requirements of liminal length,
regenerative depolarization, regenerative re-
polarization, and automaticity.

In this chapter, cable properties and conduc-
tion of the action potential will be considered
in the context of the determinants of cardiac
excitability. The approach will be to make a
qualitative statement, an approximation, and
then to discuss the approximation. Structure—
function relationships relevant to electrical
events will be discussed. The effects of cable
properties and the determinants of conduction
can be approached in terms of a few equations.
The less mathematically inclined should not
feel intimidated since the equations will be
used qualitatively as a starting point for discus-
sion. In the sections that follow, certain gen-
eral principles were selected for discussion and
some simplification was required. The more
venturesome are referred to the valuable collec-
tion of essays in the Handbook of Physiology {71
and in the comprehensive book by Jack et al.
[8]. Finally, experimental work in electrophys-
iology, electropharmacology, and arthythmogen-
esis will be woven into the discussion to illus-
trate the principles at hand.

The purpose of this chapter is to create an
intellectual framework for the reader that is
based on biophysical theory. Such a framework
will allow him to appreciate what is known and
what is unknown, to decide whether our cur-
rent hypotheses are reasonable or unreasonable,
and to critically assess extrapolations which
have been made from the basic laboratory to
the clinical situation.

Structure and Bioelectrical Equivalents

THE CELL MEMBRANE: STRUCTURE

AND FUNCTION

Approximation 1: The heartbeat vesults from the generation and
organized control of bivelectricity across the cardiac membrane,
within and between cells, and throughout the extracellular space.

The ultrastructure of cardiac muscle has been
extensively reviewed by Sommer and Johnson
{9} as has the molecular biology of membrane
by Quinn {10}. The sarcolemma is the bound-
ary of the muscle fiber which has several com-
ponents. One component is the plasma mem-
brane or plasmalemma which is 6-9 nm thick;
another is the glycocalyx, the cell-covering ma-
terial that stains for sugars and is often associ-
ated with collagen, which is 50 nm or more
thick.

The plasma membrane is a thin, lipid bi-
layer that separates the aqueous phases inside
and outside the cells. The phospholipids, and
some other components of the lipid bilayer,
have a hydrophobic portion that is oriented to-
ward the interior of the lipid membrane and a
charged hydrophilic portion that is oriented to-
ward the internal or external aqueous phase.
The hydrophilic groups vary in extent and af-
finity for water from single hydroxyl groups, as
in cholesterol, to the zwitterionic and charged
groups of the glycerophosphatides, to the com-
plex oligosaccharides of the glycosphingolipids.
This amphipathicity is characteristic of mem-
brane lipids and largely determines their inter-
actions and orientations in the membrane.
Many of the lipid constituents can be polarized
with the result that the membrane can act as a
capacitor or condenser: that is, it can store
charge. The lipid bilayer is a resistive barrier
to the flow of ions and charged species, yet the
plasmalemma is much more permeable to ions
and water than would be expected for such a
bilayer. It is assumed that specialized struc-
tures allow and control such permeability.
These structures seem to be of two types:
aqueous channels or pores that extend through
the membrane; and protein carriers that either
extend or “‘shuttle” from the inside to the out-
side of the membrane.

Approximation 2: The cardiac membrane can be modeled in
terms of an electrical analogue containing vesistors and capacitors
(V,, and C,, respectively, in fig. 6—1B). Models of varying
complexity have been proposed.

The plasmalemma, then, has both capacitive
and resistive elements, and this is depicted in
figure 6-1. Referring to figure 6-1, the cur-
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FIGURE 6-1. (A) Experimental arrangement for cable
analysis. Constant current is injected intracellularly
through a microelectrode positioned near the ligated end
of a cardiac Purkinje fiber (S). The response in transmem-
brane voltage (V,,) is recorded by microelectrodes at sev-
eral points along the preparation (Vy, V,, V3, etc.). Mea-
surement of current (I) is obtained from the bath ground.
(B) The electrical analogue of the passive properties of the
membrane, extracellular space, and the combined my-
oplasm and gap junctions is shown. Below is plotted the
transmembrane voltage as a function of distance after in-
tracellular current application. The abbreviations are as in
the text. (C) This is a more complex electrical analogue
which includes series resistance and capacitance (r,, ¢, re-
spectively).

rent flow through any one unit length of cable
(e.g., im in element A-B) consists of two com-
ponents: a capacitive current (7) through the
capacitor ¢, and an ionic current (i) through
resistor 7,

t dion 6.1

where the units for 7., are A/cm.

In reality, the situation is more complex.
Equation 6.1 fairly well describes the outer
membrane of the plasmalemma which conducts
regenerative action potentials down the length
of the preparation. In many types of mamma-
lian myocardium, a system of transverse tu-
bules (the T system) conducts action potentials
into the interior of the fiber. It is the junction
between the T system and the sarcoplasmic re-
ticulum (SR) that links the extracellular and
intracellular membrane systems. The mem-
brane that faces these extracellular clefts con-
tributes resistance and capacitance in series to
that of the outer membrane (¢, and 7, in the
electrical analogue shown in panel C of fig. 6—
1). Three-dimensional geometry, of course,
further adds complexity to the electrical ana-
logue of membrane geometry {8, 11, 12}
Nevertheless, equation 6.1 serves as a useful
approximation, particularly when a preparation
is used as its own control and not much ana-
tomic change is anticipated.

Returning again to equation 6.1, 7. is deter-
mined by the capacitance of this unit length of
cable, ¢, which is expressed as F/cm, and con-
trols the rate at which the transmembrane volt-
age (V,,) changes. This can be described as:
io =t (AVH/3D) 6.2)

According to Ohm’s Law, the ionic current
will be directly related to the transmembrane
voltage, V., and inversely related to the mem-
brane resistance for a unit length of cable, ry,
expressed as {}.cm. Therefore,

fion = Vilfm (6.3)
and combining equations 6.1-6.3,
i =y @V + (Valre) (6.4)

Approximatic 1 3: The cardiac membrane is selectively permeable
to different ionic species that pass through channels controlled by
gates which open and close in response to voltage andlor time.
The control of these currents can be described in terms in mem-
brane conductance and driving force. The driving force, in turn,
depends in part on the maintenance of ionic distribution across
the membrane by ionic pumps.
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Often the term membrane conductance (g.)
rather than membrane resistance is used when
speaking of biologic membranes. Conductance
is the reciprocal of resistance (i.e., gn = 1/7y)
and refers to the ease with which an ionic spe-
cies can flow through a membrane channel. In
general, the flow of an ionic species through a
membrane channel is determined by the con-
ductance to that ionic species and by the driv-
ing force behind that ionic species. For a given
ionic species, say y, the driving force is the dif-
ference between V., and the equilibrium poten-
tial (E,) or:

i =g, (V,, — E) 6.5)

driving force
conductance

Equations 6.3 and 6.5 imply a linear or
ohmic relationship, but this is not the case.
The conductance term may depend on voltage,
time, or both. Recent evidence suggests the
same may be true for intracellular ionic activi-
ties {13, 14] which, in part, determine the
equilibrium potential. Energy-requiring ionic
pumps determine and maintain the transmem-
brane ionic gradients and may also affect V,
and the equilibrium potential. The equilibrium
potential, then, depends on the ionic activities
and on the ionic pumps. Many of the linear
and nonlinear properties of the membrane have
been reviewed by Jack et al. {8} and in other
chapters of this book.

In the resting cell, the intracellular voltage
is negative with respect to the outside, and the
cell is polarized. Negative charges are stored
along the inside of the cell membrane and are
balanced by positive charges outside the mem-
brane. When current is applied intracellularly,
it takes time for the capacitive charge to
change so that V. is not altered instanta-
neously. The time required for V,, to reach a
certain percent of its final value after current
onset or offset is termed the time constant of
the membrane (T,): 84% in a long cablelike
structure (see eq. 6.21 below from Hodgkin
and Rushton {15}; also see Fozzard and Schoen-
berg {16]) and 63% in short fibers {16}. It fol-

lows then that:

Tm = Tm m (6.6)
INTERCELLULAR COMMUNICATION

Approximation 4: Cardiac cells are connected by gap junctions.
Gap junctions normally have a low resistance and little impede
ionic flow. Injury and other factors may partially or completely
uncouple a cell from its neighbor. Longitudinal resistance is de-
termined largely by the gap junctions, and this is represented in
the electrical analogue in figure 6—1B by r;.

Largely as a result of the influence of German
pathologists such as Heidenhain {171, the heart
was considered by most investigators as being
an anatomic and electrical syncytium. The elec-
tron microscopic studies by Sjostrand and An-
dersson in 1954 [18}, however, showed that
cardiac cells were bound by membranes and
that there was no direct cytoplasmic connection
between cells. The manner by which cells
communicate has received a great deal of at-
tention from anatomists and electrophysiolo-
gists.

In 1952, Weidmann {19} studied the elec-
trophysiologic properties of cardiac Purkinje fi-
bers. Purkinje fibers conduct action potentials
rapidly (0.5-5.0 m/s) and constitute the cell
type of the conduction system between the
atrioventricular node and the ventricles includ-
ing the bundle of His, the bundle branches and
fascicles, and the terminal branching system.
Many of the strands of Purkinje fibers are es-
sentially cylindrical and are arranged in col-
umns that are 2—3 cells in diameter. These col-
umns are surrounded by connective tissue.
Since structurally the columns are cytoplasm
surrounded by membrane and connective tissue
and since the cells connect with each other,
long Purkinje fiber preparations resemble ca-
bles. Weidmann applied subthreshold depolar-
izing and hyperpolarizing currents intracellu-
larly through one microelectrode and recorded
V.. at various points along the length of such
Purkinje fibers. He observed a graded drop in
V.. with distance from the point of stimulation
which was well described by uniform cable
theory. An example of such a recording is
shown in figure 6-2. Electrotonic potential
could be recorded several millimeters from the
site of current application, indicating that sev-
eral cells were between the stimulating and re-
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FIGURE 6-2. Experimental records obtained during cable
analysis in a long sheep Purkinje fiber. The top trace is the
current recording; the lower traces are recordings of the
transmembrane voltage made at different sites along the
Purkinje fiber. The middle trace was recorded at a site
nearer the stimulating microelectrode than was the Jower
trace, and the difference in amplitudes is apparent. Note
the nearly exponential change in voltage in response to
rectangular current step, a shape caused by the resistance
and capacitance of the membrane. One cursor was posi-
tioned at the resting potential immediately before current
onset; the second cursor was placed at the point where the
transmembrane voltage has reached 84% of its final value
after current onset (arrow). The number at the lower left
is the resting potential; the numbers at the lower right
give the coordinates of the cursor indicated by the arrow
as compared to the cursor positioned immediately before
current onset.

cording microelectrodes, and that the resistance
to ionic flow of the structure, allowing com-
munication between cells, must be low. More-
over, the magnitude of the change in V,, was
quite linearly related to small intracellularly
applied depolarizing and hyperpolarizing cur-
rents; characteristics which favored low-resis-
tance electrical coupling rather than chemical
coupling.

Weidmann later studied the diffusion of ’K
in ventricular muscle {20}. The theoretical dis-
tribution of “’K was calculated according to ca-
ble theory, and observation was found to agree
well with prediction in that “’K diffused freely
between cells with the upper limit for resis-
tance between cells being 3 {).cm, almost 700-
fold less than for the outer cell membrane.

The low-resistance structures responsible for
the electrical communication seem to be the
gap junctions, specializations of the membrane
that allow intercellular communication and
mediate transport of small molecules and ions
between cells (see reviews by De Mello {21},
Lowenstein {22}, and Page and Shibata {23}).
The gap junction is a specialized portion of the
intercalated disc where the membranes of
neighboring cells are some 30 A from each
other and are linked by hydrophilic channels
that connect the interiors of the two cells. A
geometric array of subunits is grouped about a
central channel or pore to form a connexon
which extends from the myoplasm through the
inner hydrophilic layer, the hydrophobic lipid
bilayer, and the outer hydrophilic layer of the
membrane into the gap between the cells where
it meets the connexon extending from the
neighboring cell. The central channels of the
connexons are continuous and connect the in-
teriors of the two cells. Despite the similar
electron microscopic appearances, recent stud-
ies of isolated gap junctions indicate that the
protein compositions between hearts of two dif-
ferent species are similar, but differ from those
in the liver and the lens {24, 25}.

A number of factors seem to increase the re-
sistance at the gap junction, including an in-
crease in intracellular calcium concentration, a
decrease in pH, some metabolic poisons, and
digitalis {21-23, 26, 27}. The “healing over”
capability of heart cells is of interest, and evi-
dence suggests that cellular uncoupling rather
than the formation of 2 new membrane seems
to be responsible {28-31]. Recently, ischemia
has been shown to alter the geometric charac-
teristics of the gap junction [32}. Teleologi-
cally, the regulation of current flow through
the gap junction may have several purposes. It
will isolate injured cells, prevent the leakage of
the contents of normal neighboring cells
through the gap junction to the injured cell to
the outside, and will eliminate the current
flows and resultant potential for arrhythmias.
Other influences on electrical communication
between cells may include capacitive coupling
{33, 34} and the accumulation and depletion of
ions in limited intercellular spaces {35].

Having said all this, there is a longitudinal
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or inside resistance resistor (r; in fig. 6-1)
which is determined primarily by the gap junc-
tions and to a lesser extent by cytoplasmic
components and perhaps other determinants.
There is also an extracellular resistance resistor
7, in figure 6—1, which, for the reasons to be
discussed in next section, is negligible in nor-
mal tissues. In tissues of small diameter and in
injury, however, », may not be negligible and
this will be discussed below.

Cable Properties

ONE-DIMENSIONAL CABLE CIRCUIT

Approximation 5: The electrical analogue in figure 6—1 resem-
bles a telegraph cable in that a low-resistance core (the myoplasm
and normally low-resistance gap junctions) is surrounded by in-
sulation of relatively high resistance (the cell membrane). The
so-called cable equations, therefore, have been applied to cardiac
structures. In many instances, experimental data have been well
described by these cable equations.

Cable properties influence the coordination of
electrical activity, conduction, and aspects both
of normal and abnormal cardiac excitability.
The central importance of passive membrane
properties is the reason for this chapter. We
may now experimentally examine and quantify
many of the passive membrane properties rele-
vant to excitability and conduction.

Many electrocardiographers and some elec-
trophysiologists respond to the topic of the ca-
ble equations with a sense of panic. We have
attempted to minimize this panic by devoting
a fair amount of space to a discussion of struc-
ture and bioelectrical equivalents in the preced-
ing sections. This should prepare the reader for
a reasoned approach to these equations. The
meaning and implications of the components in
the simple electrical analogue depicted in fig-
ure 6-1 should now be understood concep-
tually. As a first approximation, we will now
analyze passive membrane behavior in terms of
membrane resistance (r,), membrane capaci-
tance (c,,), the longitudinal or inside resistance
(r), and the time constant (T.,).

Concept and Assumptions. We will assume that
the preparation resembles a transmission line
and can be modeled as a one-dimensional cable

circuit with the resistances and capacitances in
this circuit as depicted in figure 6-1. The cells
are considered to be a column with a low-resis-
tance cytoplasm, a high-resistance outer mem-
brane, and low-resistance connections at the
end and between cells. The column is assumed
to be cylindrical and, for the moment, uncom-
plicated by invagination of the membrane,
three-dimensional considerations, and the ac-
cumulation and depletion of ions in limited in-
tercellular spaces. Other simplifying assump-
tions are also made: the membrane and
longitudinal resistances are ohmic and linear
for small changes in V; longitudinal current
flow is uniform and radial currents are negligi-
ble; the membrane capacity is perfect and uni-
form; and the outside solution is large so that
the resistance of the outside (,) is negligible.

The Classic Cable Equation: One-dimensional Cable
Circuit

Approximation 6: The insulation of the cable (the membrane) is
leaky, and the loss of current through the membrane will result
in less current being available for longitudinal flow. Longitu-
dinal flow, in turn, is also influenced by resistances in the myo-
plasm and at the gap junctions. The circuit is completed by ionic
Sflow in the extracellular space.

In the mid-19th century, Lord Kelvin consid-
ered the case of the decrement in the signal
carried by transatlantic telegraph cable. This
one-dimensional cable circuit included terms to
account for the internal and external resistances
and for the leak through the insulation. In a
classic study, Hodgkin and Rushton in 1946
[15] showed that a modified cable equation
rather well fit experimental observation in a
nerve axon. Weidmann in 1952 {19} applied
one-dimensional cable theory to cardiac Pur-
kinje fibers and found the experimental data to
be well described by the cable equation. The
basic equation, assuming 7, is negligible is:

18y _ Va

7, Ox Tm

av,,
Cn—
ot

6.7)

where 7, is the current flow through any unit
length of membrane; r; is the longitudinal re-
sistance of a unit length of the inside conductor
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or core of the cable ({)/cm); V,, is the trans-
membrane voltage; and r, and ¢, as previ-
ously defined, are the membrane resistance and
capacitance for a unit length of cable ({).cm
and F/cm, respectively).

This equation looks formidable, but can be
understood if considered in the context of the
earlier descriptions of structure and function.
Referring to figure 6-1, the current flow (7))
inside the cell to the right for a given length
of inside conductor must return to the left
through the parallel segment of the outer con-
ductor. The resistance for a given length
(termed Ax) of the inside and outside conduc-
tors would be 7;Ax and r,Ax, respectively. Ac-
cording to Ohm’s Law, the potential difference
across any of the resistors (say, the resistor 7
between elements B and D in fig. 6-1) is:

AV, = irAx (6.8)

The length can be made smaller and smaller so
that Ax approaches zero. Mathematically, this
is written:

— = lim— = —in 6.9

The negative sign indicates that the potential
drops as the current passes across the resistor.

As mentioned before, 7, is negligible because
the outside solution is large although it could
be considered in the same manner as 7;. Since
r, is negligible, V. may be identified with V;
since the extracellular voltage will be constant.
Conventionally, the extracellular current is as-
sumed to be zero. Equation 6.9, therefore can
be rewritten:

(6.10)

The membrane of the cell is leaky, and a
certain amount of current is lost (—7,) per unit
length of the cable (Ax). It follows that a loss
through the membrane will result in less lon-
gitudinal current flow through the core. The
change in longitudinal current (A7) can be de-
scribed as:

Ai; = —iAx (6.11)

Once again, the length of membrane can be
made smaller and smaller. If we take the limit
as Ax approaches zero, we have:

9 A;;
— =lim— = 6.12
dx in—r)r(': Ax ™ ©.12
and rearranging,
01
= - = 6.13
im P (6.13)

Differentiation of equation 6. 10 results in,

Ve [0
A’ i 0x

and substituting from equation 6.13, the rela-
tionship becomes,

(6.14)

6.15)

We obtain the czble equation, equation 6.7, by
substitution from equation 6.4 and rearrang-
ing,

(eq. 6.7 again)

Cable Analysis Based on a One-dimensional Cable
Circust

Approximation 7: Biophysical theory is powerful when it is
amenable to experimental testing. One-dimensional cable theory
has been used as the basis of experimental cable analysis. The
cable equations required some modifucation to contain terms that
could be assessed experimentally: terms that could be expressed as
voltage, distance or space, and time.

Equation 6.7 is the fundamental equation of
one-dimensional linear cable theory and serves
as the basis for cable analysis. The object is to
derive equations which contain terms that can
be assessed experimentally. Cable analysis has
defined certain temporal and spatial constants:
the time constant, T, = ¥mfm (€q. 6.6); and the

length or space constant, Ny = Vro/(r; + 1) or,
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when 7, can be neglected, N, = Vry/ri. The
length constant is the distance over which V,
falls to ¢~ ' (about 37%) of its value at the
point of steady-state current application (see
fig. 6-1).

Given these two definitions, multiplying
equation 6.7 by 7, substituting, and rearrang-
ing, we obtain,

, [0V, V.,
NN =)+ T | ==+ Va) =0
0x ot

Equation 6.16 provides a relationship between
Vo, %, and # that is amenable to experimental
description. The solution of this equation re-
quires transform methods and a consideration
of error functions. The interested reader is re-
ferred to Hodgkin and Rushton {15). The so-
lution leads to the description of the trans-
membrane voltage at the point of stimulation
(V) for a constant current long duration (Iy) as:

(6.16)

Vo = rl /2 6.17)
The denominator of 2 is used since half the
current flows in one direction down the cable
and the other half flows in the opposite direc-
tion. If current is introduced near a high-resis-
tance barrier such as the cut or ligated end of a
Purkinje fiber, division by 2 is not required.

The distribution of the transmembrane volt-
age along the cable after the intracellular appli-
cation of a long constant current can be rather
well described. For V,, defined as V., at any
point x along the cable, the relationship to V,
is approximated by:
V, = Vo ¥m (6.18)
Equation 6.18 says that V, reaches l/e the
value of Vj at one length constant. The decline
is exponential. The use of this relationship will
be considered below.

Another special solution is the time course
of a voltage change at x = 0. This can be de-
scribed as:

V, = Vyerf Vi, (6.19)

The erf of 1 is 0.84, so V., will reach 84% of

its final value at + = % in one time constant.
The use of this relationship will also be consid-
ered in the following section.

Input resistance (R;,) describes the relation-
ship between the step constant current and the
response in the transmembrane voltage at the
point of stimulation.
Ri, = Vy/l, (6.20)

Realizing that A, = Vr,/r; and combining
equations 6.17 and 6.20, the input resistance
can be expressed as:

Tl ti

2

R, = 6.21)

When geometric terms are added so that re-
sistance and capacitance are considered in terms
of surface area or cross-sectional area, we ob-
tain:

R, = 2Mar, 6.22)
R, = ma’r, (6.23)
Ch = ¢/27a (6.24)

where # is the radius of the cable; R, is the
resistance of 1 cm? of membrane (().cm?); R, is
the intracellular or longitudinal resistance in
Q.cm; and C,, is the capacitance of 1 cm® of
membrane is F/cm®.

Weidmann’s classic study in 1952 {19} first
defined these constants in cardiac Purkinje fi-
bers. He also presented special cases for fibers
terminating in branches, a short circuit, or a
cut end. The latter has been particularly useful
in explaining voltage-clamp data in short seg-
ments of Purkinje fibers {4, 16}.

Cable Analysis Using Theory Based on a One-di-
mensional Cable Circuit: Limitations

Approximation 8: To understand the power of cable analysis,
one must appreciate its limitations. Once the limitations are ap-
preciated, the technique can be applied with care. A number of
very important and useful experiments in physiology and phar-
macology have employed cable analysis based on one-dimensional
cable circuits.

The assumptions underlying the one-dimen-
sional cable analysis considered in the section
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Concept and assumptions are not strictly true and
limit the method. The most serious deviation
from simplified theory results from complex
cardiac ultrastructure. Nonhomogeneity of
charge during point stimulation has been rec-
ognized since the early studies by Weidmann
in ungulate Purkinje fibers of several species.
In his classic study of 1952 {19}, Weidmann
found the following in long kid Purkinje fibers:
an R; ot about 100 .cm, R, of about 2000
Qcm?, N, of about 2 mm, T,, of about 20 ms,
and a C,, of about 12WF/cm’. R, was compa-
rable although somewhat lower than nerve; R;
was greater than the extracellular solution; but
C,, was ten times higher than nerve. Weid-
mann suggested that his geometric assump-
tions might be in error. Mobley and Page {36}
later found that the cleft membrane accounted
for some 80% of the total surface membrane,
meaning -that the total area was 10—12 times
greater than that assumed by Weidmann for a
simple cylinder. This suggests that C, should
be about 1 wF/cm’ and R,, should be about
20,000 Qcm?. Hellam and Studt {37} came to
a similar conclusion and calculated C,, at 0.9
wEF/cm’. Fozzard in 1966 [38] found the equiv-
alent membrane circuit to contain not only a
resistance and capacitance in parallel, but also
a resistance in series with a capacitance (see
panel C of fig. 6-1). The Purkinje strand is
made up of many cells that are separated by
narrow intercellular clefts {9, 36} and these
clefts may be the source of the series capaci-
tance. Freygang and Trautwein {33} suggested
that the intercalated discs might be a capacitive
component in a longitudinal direction. Schoen-
berg et al. {39} used a more complex model
based on the ratios provided by Mobley and
Page, and discussed in some detail the differ-
ences in cable properties depending on the as-
sumed geometry. These investigators deter-
mined that the internal membrane of the
passive Purkinje fiber is accessible to charge in-
jected at the surface and, for a 100-pum fiber,
the charging time constant is 1-2 ms and the
d.c. length constant for the clefts appears to be
in the order of 100 wm. It seems reasonable to
conclude that the rapidity of the charging time
and the magnitude of the length constant as
compared to the diameter of the column is the

reason that experimental observations have
been fit so well by the simplified theory except
for extreme cases such as for stimuli of short
duration. Potassium accumulation and deple-
tion in the extracellular clefts has been docu-
mented during voltage clamping {40, 41}, but
the error introduced by this type of change is
uncertain. Other comments on structure will
be made in the section on The sink: discontinuous
propagation, where the concept of structural and
functional discontinuities is introduced.

As discussed above, membrane resistances
often are not ohmic and linear except for very
small electrical perturbations. Such nonlineari-
ties are seen in figure 6—3 and will be discussed
below. Nonlinear theory, therefore, needed to
be developed (see Multidimensional cable circuits
and nonlinear theory). Longitudinal current flow
may or may not be uniform and radial currents
may or not be negligible. Theories which con-
sidered two-dimensional and three-dimensional
characteristics needed to be developed (see the
sections on Multidimensional cable circuits and
nonlinear theory; Sources, sinks, and propagation;
and Safety factor).

Cable Analysis Using Theory Based on a One-di-
mensional Cable Circuit: Practice. The success-
ful and useful description of experimental re-
sults using such simplified theory, however,
has been demonstrated in physiologic {16, 19,
20, 28, 38, 39, 42, among others}, pharma-
cologic {43471 and other interventional stud-
ies {48, 49}1.

We have recently been interested in the ef-
fects that lysophosphatidylcholine (LPC) has on
electrical properties of Purkinje fibers {48} and
that lidocaine has on the membrane properties
altered by LPC {49]. The reason for our inter-
est is that LPC accumulates in ischemic but not
in normal myocardium and has electrophysio-
logic actions. A strong case has been made for
the role of LPC and similar compounds in ar-
thythmias that accompany acute myocardial
ischemia [50-52, among others}]. Given the
descriptive background and the relatively rig-
orous mathematical treatment in the preceding
sections, it seems reasonable to describe an ex-
periment and the manner in which it is ana-
lyzed.
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Small hyperpolarizing constant currents were
applied intracellularly through a glass microe-
lectrode positioned near the ligated end of a
long unbranched Purkinje fiber, thereby per-
mitting the modification of equation 6.17 that
holds for unidirectional current flow, V, =
rilohm. The fiber radius was 80 wm. The bath
was kept at virtual ground using an operational
amplifier and produced a voltage signal propor-
tional to the current collected by the bath
ground (fig. 6—1B). This transmembrane cur-
rent was termed I, and is depicted in the upper
trace of figure 6—2. The value for I, was 45.4
nA. The intracellularly applied current was of
100 ms duration and produced a 5.44 and 4.05
mV change in V,, at recording microelectrodes
located 300 pm (middle trace) and 900 pwm
(lower trace), respectively, from the stimulat-
ing microelectrode. V., at these and other sites
can be plotted on a logarithmic scale as a func-
tion of the distance from the stimulating mi-
croelectrode (x) or, as in this case, the data can
be subjected to linear regression analysis and a
curve generated V, is determined by extrapo-
lation of the line to x=0 and was 6.30 mV.
A is defined as x at which V,, = ¢~ 'V, and
was 2.03 mm. T, was the time at which the
change in V_, had reached 84% of its final
value in the microelectrode nearest to the stim-
ulating electrode and was 26.8 ms (arrow in
fig. 6-2). Using this data, R;, was 139 k()
(eq. 6.20), R,, was 1771 Qcm? (eq. 6.22), R,

FIGURE 6-3. Current—voltage relationships demonstrat-
ing nonlinear behavior in the subthreshold potential range
before and after lysophosphatidylcholine (LPC), a toxic
metabolite of ischemia. (A) I vs V,,. (B) 7, vs V,, where
i, is the mathematically derived membrane current den-
sity; # = 100 ms. Tangents to the curves (dashed lines)
allow estimation of slope conductance, in this case at 7,
= 0, which is equivalent to the chord conductance. From
Arnsdorf and Sawicki [48].

was 215 {dcm (eq. 6.23), and C,, was 15.1 wF/
cm’ (eq. 624). After LPC, V, was 8.4 mV and
Am was 2.47 mm. R,, increased to 186 k{), R,
increased to 2883 Qcm?, R, increased to 236
Qc;n, and C,, was little changed at 12.0 pF/
cm”.

The limitations of the assumption that the
current—voltage relationship is ohmic or linear
are illustrated in figure 6-3, which shows the
voltage response in the proximal microelectrode
to hyperpolarizing and depolarizing intracellu-
larly applied constant currents in the same
preparation before and after LPC {48]. The
panel on the left is uncorrected and shows the
relatively linear or ohmic changes near the rest-
ing potential and the clear nonlinearities as the
voltage threshold for regenerative depolariza-
tion (Vy,) is approached. The long Purkinje fi-
ber can be considered an infinite cable, and the
relationship suggested by Cole and Curtis in
1941 {53} can be applied to the heart {45, 48,
50, 531, thereby providing an estimate of the
current density (i) where 7, is approximated
by I (dI/dV,,). The current, I, can be measured
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directly and dI/dV,, determined from tangents
constructed to the curve of the V vs I plot
(fig. 6-3A). V,, is plotted as a function of i,
in figure 6-3B). This calculation corrects
mathematically for cable properties that tend to
smooth out current—voltage relationships and
allows for approximation of a uniform depolar-
ized membrane resulting in an accentuation of
the membrane current—voltage relationship.
The negative slope in panel B may represent
inward rectification, although possibly the con-
tribution of inward currents is increasing as
threshold is approached. Membrane slope con-
ductance (G,,) can be estimated from the rela-
tionships G, = dI/dV,, in panel A or d7,/dV,
in panel B. As can be seen in figure 6-3A, at
this point in the experiment neither the resting
potential (V,) nor the threshold voltage (V)
was affected by LPC. In both panels, LPC
caused the curve to become steeper and shifted
it to the left for depolarizing currents, resulted
in a crossing over of the two curves, and re-
sulted in a given hyperpolarizing current pro-
ducing a large change in V.. This reflects a
decrease in slope conductance or an increase in
its reciprocal, slope resistance. Identical curves
fit both the control and LPC periods in both
panels, suggesting that the current—voltage
nonlinearities were little changed.

MULTIDIMENSIONAL CABLE CIRCUITS AND
NONLINEAR THEORY

Approximation 9: Reality requires nonlinear theory in three di-
mensions. Such mathematical and analytic approaches are for-
midable. The advantage of the simpler linear, one-dimensional
model is the ease of calculation, the cost is the loss of information
and precision. Computer technology presents an opportunity for

utilizing more complex models in the analysis of experimental
data.

Without doubt, one-dimensional cable circuits
and linear theory have been useful in a variety
of tightly controlled experimental conditions.
Clearly, however, more dimensions exist and
current—voltage responses are not linear. A
problem has been the development of mathe-
matical and analytic theories suitable for con-
sidering experimental results in two or three
dimensions. It is beyond the scope of this chap-

ter to consider the several approaches in detail
and the interested reader is referred to Jack et
al.[8]. A few comments, however, should be
made.

Woodbury and Crill over 20 years ago {54}
observed that electrotonic potential distribu-
tion from a point source of current in a two-
dimensional sheet of cells did not follow the
exponential decay consistent with unidimen-
sional cable theory, but rather had a form of a
Bessel function. They also observed that the
decay in potential in rat atrium was much
sharper perpendicular to the fiber axis than
along the long axis, although both decays
could be fit by a Bessel function. Sperelakis and
MacDonald [55} considered the bulk resistivi-
ties in ventricular muscle and found that the
resistivity longitudinally was much lower than
transversely. This and other work suggests that
internal coupling and the resistance of the gap
junction are of great importance in the electro-
tonic spread of currents and in the determina-
tion of input resistance. Conduction velocity
should and is affected, and this will be dis-
cussed later in this chapter, particularly in
Sinks, sources, and propagation and Safety factor.

Active Membrane Properties and Excitation

THRESHOLD; LIMINAL LENGTH;

AND STRENGTH- AND CHARGE-

DURATION RELATIONSHIPS

Approximation 10: Under certain conditions in excitable cells,
a stimulus produces a regenerative response. These conditions have
been described in terms of threshold, threshold curvent, charge,
and liminal length. The concept of liminal length emphasizes the
importance of passive membrane properties to cardiac excitability.

The passive membrane properties in which the
stimulus produces a proportional response in
the membrane potential have been discussed.
At a certain point in excitable cells, the re-
sponse is regenerative and out of proportion to
the stimulus. This point has often been called
the threshold voltage or, more simply, the
threshold. Threshold, however, is somewhat of
a metaphysical concept since it depends in a
given fiber on a number of factors.

Lapicque in 1907 [56} recognized in nerve
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that the current required to attain threshold
was greater for stimuli of short duration than
for stimuli of long duration. The rheobasic cur-
rent was the smallest current regardless of
length that could cause a regenerative response.
The current strength—duration relationship was
described by Lapicque as:
Ip = L/ {1 — &7} (6.25)
where I, is the current required to provoke a
regenerative response, I, is the rheobasic cur-
rent, ¢ is the duration of I, and T approximates
the membrane time constant. The data sug-
gested that the charge threshold, I, X ¢, was
relatively constant, and the relationship could
be interpreted in terms of a constant threshold
and a simple RC circuit.

Hodgkin and Huxley {57}, however, found
threshold to be quite complicated even in
nerve. Sodium conductance needed to be de-
scribed in terms of voltage- and time-depen-
dent activation and inactivation variables (see
the following section). Noble and Stein [58]
and Cooley and Dodge {59], among others,
concluded that threshold was the situation
where depolarizing inward current equals re-
polarizing outward current, with the kinetics
of the former being more rapid than those of
the lacter.

Dominguez and Fozzard {42} utilized intra-
cellular current application and intracellular
potential recording to study strength—duration
relationships in sheep Purkinje fibers. They
found that the time constant of the strength—
duration curve in heart muscle was much
shorter than was the membrane time constant.
Moreover, they observed that the voltage which
defined threshold differed with the duration of
the stimulus. Fozzard and Schoenberg {16}
studied strength—duration relationships in both
short and long Purkinje fibers and concluded
that the characteristics described by Domin-
guez and Fozzard resulted from the cable prop-
erties of the Purkinje fibers. They applied the
concept of “liminal length”, first proposed by
Rushton {60} in nerve, to the results in short
and long preparations. For the unidimensional
cable, the liminal length is that length of tis-
sue required to be raised above threshold so

that the inward depolarizing current from that
region is greater than the repolarizing influ-
ences of adjacent tissues. For the reasons dis-
cussed above when comparing unidimensional
to multidimensional circuits or tissues, point
excitation is more difficult in a three-dimen-
sional tissue than in a sheet, and more difficult
in a sheet than in a simple cable. The complex
calculation of the liminal length and of
strength—duration curves from a liminal length
model can be found in the paper by Fozzard
and Schoenberg {16}, but 1t is usetul to sim-
ply include the equation since it shows the
type of influences relevant to the attainment
of the liminal length and threshold in heart
tissue:

0.855 Q.
2(m*? 4 Cy Ny Vg,

(6.26)

liminal length =

where Q,, is the charge threshold, «# is the ra-
dius, and the other terms are as previously de-
fined. This shows that cable properties are not
only important in the passive cell, but to a
great extent define the conditions under which
regenerative depolarization can occur.

FAST AND SLOW RESPONSES

Approximarion 11: Some cardiac tssues, such as those of the
atrium, the Purkinje fibers of the His—bundle branch system,
and ventricular muscle, normally depend on iy, for phase-0 re-
generative depolarization. Others, such as the SA and AV nodes,
normally depend on iy for phase 0. These have been termed
“fast-" and “slow-response’ tissues, vespectively, and the char-
acteristics are summarized in table 6—1.

The characteristics of these responses are con-
sidered in detail elsewhere in this book and in
recent reviews {2, 5, 61, 62, among others].
The regenerative action potential in some tis-
sues depends on the inrush of sodium ions (iy,)
through a kinetically rapid channel that is
blocked by tetrodotoxin (TTX); while in other
tissues depends on the inrush of a mixed
Ca’* —Na™ current (the slow inward current,
i;) through a kinetically slow channel that is
little affected by TTX, but which can be
blocked by compounds such as D-600 and ver-
apamil. The former has been termed a fast re-
sponse; the latter a slow response. The electro-
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TABLE 6-1. Characteristics of “fast” and “slow” response cardiac tissues

“Fast” response tissues

“Slow” response tissues

Passive Membrane Properties
Normal resting potential (V,)
Subthreshold membrane conductable

Active Membrane Properties

“Threshold” voltage

Current responsible for phase 0
depolarization

Activation and inactivation kinetics
of channel responsible for phase 0
depolarization

Maximal rise velocity of phase 0 (dV/
de, ot V )

Peak overshoot

Overall amplitude of action potential

Refractoriness and reactivation

Conduction velocity
Characteristics conducive to reentry

Automaticity
Automaticity depressed by
physiological increases in [K+1,

Geographic Location

Appx —80 to —90 mV
Components of g,
particularly gg,

Appx —60 to —75 mV

INa

Fast

300-1000 + V/sec

Appx +20 to +40 mV

Appx +90 to + 135 mV

Partial reactivation during
phases 3; complete
reactivation in normal
tissue 10 to 50 msec
after return to normal
V..

0.5 to 5 m/sec

Only with inactivation of
the sodium system

yes

yes

Working and specialized
atrial; infranodal
specialized conduction
system (Purkinje
fibers); ventricular
muscle.

Appx —40 to —65 mV
Probably a component of gg

Appx —40 to —60 mV

ii (mixed current with both
Ca+ + and Na+

Slow

1-50 V/sec

—5to +20 mV

Appx —30 to +70 mV

Partial and complete reactivation
returns after (100 msec)
attainment of V..

0.01 to 0.1 m/sec

Yes, even in normally
ii-dependent tissues

yes

no

SA and AV node; perhaps valves;
coronary sinus; injured tissues
in which iy,-dependent
converted to i;-dependent
phase 0

physiologic properties of fast-
response tissues are summarized in table 6—1.

Fast-Response Tissues

Approximation 12: In the in,dependent fiber, a V,, less negative
than the normal resting potential will decrease iy, by several
mechanisms, including a decrease in driving force (V,,— Ex,, less
than normal), a decrease in maximal sodium conductance, par-
tial closure of the off-gate, and changes in other factors such as
cable properties and the liminal length.

Fast-response or iyn,-dependent tissues are found
in the atrium, the Purkinje fibers of the spe-
cialized infranodal conduction system, and ven-
tricular muscle. The resting potential (V) is

slow-  normally —80 to —95 mV. As mentioned,

the Hodgkin—Huxley model, which includes
time- and voltage-dependent activation and in-
activation variables, rather well describes the
behavior of the sodium current. A modification
of equation 6.5 is useful in describing control
of the sodium current in terms of conductance
and driving force. In nerve, Hodgkin and Hux-
ley {571 used the relationship:

e = gna b (Vo — En) (6.27)

where 7y, is the sodium current per unit area;
gna is the maximal sodium conductance; m and
b are dimensionless activation and inactivation
variables which, as will be discussed below, can
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be conceptualized as on- and off-gates, respec-
tively; and Ey, is the equilibrium potential for
sodium. Several modifications of this equation
have been used for heart muscle, such as that
by Ebihara and Johnson {63}.

As a first approximation, equation 6.27 de-
scribes the maximal sodium conductance as de-
termined by two variables that change with
voltage. The rapid activation variable (m) can
be conceptualized as an on-gate and the slow
inactivation variable () as an off-gate. During
depolarization the on-gate opens and the off-
gate closes, but the kinetics of the on-gate are
faster than those of the off-gate. If the fiber is
depolarized rapidly, at threshold the on-gate
opens rapidly and sodium rushes into the cell,
producing the rapid upstroke (phase 0) of the
action potential. The maximal rate of rise of
phase 0 is often termed V., and has normal
values of 200—-1000% V/s. V,, moves towards
Ena. which is about +40 mV.

The off-gate is kinetically slow, so it closes
very slowly following rapid depolarization and
interferes little with the inrush of sodium ions
at threshold. After the peak of the action po-
tential and during the plateau, however,
enough time has passed so that the off-gate
closes completely. The sodium system, there-
fore, is inactivated, regardless of the state of the
on-gate. Such inactivation is the basis of the
refractory period and can be absolute or partial.
If the tissue is depolarized by injury, hyperka-
lemia, or some other cause, the off-gate may
maintain some degree of inactivation of the so-
dium system. If a constant or slowly increasing
current makes V,, less negative, the off-gate
will have sufficient time to close and partially
or completely inactive the sodium system: a
type of voltage-dependent inactivation of the
sodium system that has been called “accom-
modation”. Biologic equivalents of a constant
or slowly increasing current would be injury
currents and the currents responsible for slow
diastolic depolarization in pacemaker cells.
This, as will be discussed subsequently, will
influence the conduction velocity. It has been
difficult to measure 7y, directly in cardiac tis-
sue, and often Vmax upstroke has been used as
an indirect measure of sodium conductance (to
be discussed further in The source). More re-

cently, however, the use of single-cell or small
preparations has permitted direct measurement
of the sodium current {64-671.

Approximation 13: Repolarization in fast-response tissues de-
pends on the balance between several currents.

Repolarization in fast-response tissues is a re-
generative process. Phase 1 depends on the in-
activation of gy, and, at least for Purkinje fi-
bers, on inactivation of an inward negative cur-
rent. During phase 2, the mixed Ca’*-Na*
current, #;, increases due to the positive volt-
age. Since /; is an inward positive current, it
has a depolarizing influence and helps to main-
tain the plateau. Potassium conductance de-
creases and becomes rectified in that K™ enters
the cell more easily than it exits, a mechanism
which also maintains the plateau. Phase-3 re-
polarization, which is the rapid return to the
resting potential, results from inactivation of
i, reversal of the process of inward rectifica-
tion, and activation of repolarizing outward po-
tassium currents. There seems to be a “thresh-
old” at about —30 mV in Purkinje fibers at
which phase 3 occurs. During phase 3, enough
of the sodium system is normally reactivated,
so that another action potential can be electri-
cally induced. As will be considered below,
failure of normal repolarization affects excita-
bility and propagation.

Other characteristics of fast-response tissues
are included in table 6-1.

Slow-Response Tissues

Approximation 14: Slow-response tissues depend on i,; for phase
0 and as compared 1o fast-vesponse tissues have a less negative
resting potential, a slower V., a slower conduction velocity,
and reactivation that is time dependent (table 6—1).

In the sinoatrial (SA) and atrioventricular
(AV) nodes, phase-0 depolarization depends
not on 7y, but on the slow or secondary inward
current i;. As mentioned, this mixed Ca’*-
Na™ current uses a channel that is little influ-
enced by blockers of the rapid sodium channel
such as TTX, and this channel is kinetically
slower than for 4y,. Slow-response fibers have a
less negative resting potential of around — 60
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FIGURE 6—4. Two stable and quiescent steady states in-
duced by LPC with normalization of the action potential
by lidocaine. The calibration marks are 100 ms and 20
mV horizontally and vertically, respectively. (A) Control
with an action potential duration of 290 ms. The resting
potential (V,) was —79 mV. (B) At 30 min after the
application of LPC, two steady states were observed: one
at a slightly less negative V, of —73 mV and the other
at the plateau potential. Intracellular hyperpolarizing con-
stant currents (= 100) were applied and with increasing
strength at 18 nA finally caused attainment of the repo-
larization “‘threshold” and a return to V,. If the current
was not applied, V., remained at the plateau indefinitely.
(C) The application of lidocaine progressively shortened
the action potential duration to a normal value of 300 ms
and caused V, to become more negative at —80 mV. The
hyperpolarization was most likely due to an increase in
membrane potassium conductance. (D) Washout of lido-
caine during continued LPC superfusion resulted in the
rapid reappearance of two stable steady states. Note the
less negative V.. From Sawicki and Arnsdorf (unpublished
data).

73— =

mV. At this potential, the sodium system is
essentially completely inactivated. Reactivation
of 7; is time dependent and actually extends
into electrical diastole. This characteristic is of
importance in limiting the number of impulses
that can traverse the AV node and protects the
ventricles in atrial fibrillation and flutter.

If tissues that normally are 7y, dependent
have their sodium system inactivated either by
depolarization of the quiescent cell or by a fail-
ure of normal repolarization, the tissue may de-
velop action potentials that are dependent on

A striking example of this following the
failure of normal repolarization is shown in fig-

ure 6—4 {49]. Other characteristics of slow-re-
sponse tissues are included in table 6-1.

PRACTICAL CONSIDERATIONS

Approximation 15: In practical terms, a change in excitability
may vesult from complex alterations in the passive and active
determinants of excitability.

To continue our practice of demonstration
techniques, figures 6-5 and 6-G represent
strength—duration relationships from our recent
studies on LPC. This is the same experimental
preparation depicted in earlier figures. Refer-
ring to figure 6-5A, three strength—duration
curves are shown: control (open circles) and the
situation after the application of LPC in con-
centrations of 20 WM (closed triangles) and 45
pM (closed squares). As compared to the con-
trol, the nonnormalized strength—duration
curve was shifted downward after the lower
concentration of LPC, indicating that less cur-
rent was required to attain threshold for any
current duration: that is, the cells were “more
excitable” in the classic sense. The two curves
began to converge at current durations of less
than 60 ms. It is of note that Vrmx had de-
creased from 624 to 544 V/s without any sig-
nificant change in the resting (V,) or threshold
(Vo) voltages (see inset in fig. 6-5). Excitabil-
ity, therefore, increased despite a depressed so-
dium system as reflected by the reduction in
Vomax, indicating that altered passive rather than
active membrane properties were primarily re-
sponsible for the decrease in current require-
ments. Normalization of the strength—duration
curves was accomplished by dividing the
threshold current by the rheobasic current and
the duration of the stimulus by the membrane
time constant, and the normalized strength—
duration curve is shown in panel B of figure 6—
5. Note that the normalized curves for the con-
trol and the LPC of 20 pM were essentially
superimposable for the values of #/T, of 1.25 or
mote and diverged at lesser values. Normaliza-
tion minimizes the differences in the shape of
the curve caused by altered passive cable prop-
erties, but does not obscure and may even en-
hance those changes caused by altered active
generator properties. These curves, then, also
suggest that the increased excitability was due
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primarily to altered passive rather than active
properties despite the reduction in V,, of the
propagated action potential. Cable analysis and
current—voltage relationships were performed
in this preparation. In this experiment, R, had
increased, A, which initially had lengthened at
an LPC of 10 pM now began to decrease due
to an increase in R;, and the current— voltage
relationships demonstrated increased chord and
slope conductances throughout the subthresh-
old range (fig. 6-3). All these changes resulted
from altered passive properties and contributed
to less current being required to attain thresh-
old despite some depression of the sodium sys-
tem.

At a higher concentration of LPC (closed
squares in fig. 6—6A), the strength—duration
curve was shifted upward, V. remained un-
changed, V., became less negative, and V.,
further decreased. The strength—duration curve

FIGURE 6-5. Nonnormalized (A) and normalized (B)
strength—duration curves in the control period and after
exposure of a Purkinje fiber to LPC. From Arnsdorf and
Sawicki {48].

indicated that the tissue was now “less excit-
able”. The normalized strength—duration curve
was not superimposable on the control of the
lower LPC curve, indicating that active mem-
brane generator properties were primarily re-
sponsible for the decreased excitability.

Propagation of the Action Potential

LOCAL CIRCUIT CURRENTS

Approximation 16: The influence of local circuit currents on ex-
citability depends on the magnitude of the source and the char-
acteristics of the sink. If liminal length requirements are ful-
filled, a regenerative propagating action potential results; if the
requirements are not fulfilled, only local electrotonic effects result.
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FIGURE 6-6. Directional effects on the action potential in the crista terminalis. The points of stimulation are indicated
by the square wave and the sites of extracellular recording by the dots. The intracellular (¢;) and extracellular (d.)
potentials shown on the right were recorded at the site indicated when excitation proceeded in the longitudinal (/ft, top)
and transverse (/ef?, bottom) direction. Isochrone maps were constructed from the extracellular recordings and the peak
negative derivative was used as the instant of excitation. Conduction velocity was calculated as the distance traveled
normal to the isochrone per unit time. Note that when the velocity of propagation is low (8, for transverse propagation),
Vimax is higher and #¢,, is lower as compared to the situation that pertains for the more rapid longitudinal propagation

(09). From Spach et al. [83].

When threshold in a fast-response fiber is at-
tained, sodium rushes into the cell down the
electrochemical gradient and renders the cellu-
lar element positive as compared to its neigh-
bor. These positive charges displace the nega-
tive charges stored on the inside of the
membrane, which results in depolarization.
Since membrane sodium conductance (gy,) in-
creases as voltage becomes less negative, g, is
further increased. The local V,, is now more
positive than in neighboring parts of the cell,

so a driving force for the longitudinal current
in the myoplasm is established. The potassium
ion is the major carrier of the longitudinal cur-
rent within and between cells and its flow is
regulated primarily by the resistance and capac-
itance at the gap junctions and, to a lesser ex-
tent, by impedances in the myoplasm. The
longitudinal current displaces negative charge
off the interior of the membrane, depolarizes
adjacent elements toward threshold, and
thereby increases membrane gn,. The circuit is
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completed by a capacitive current flow across
the membrane and, finally, by current flow in
the extracellular space. If the local electron-
tonic current established by and preceding the
electrical stimulus or action potential is suffi-
cient to meet the liminal length requirements
for regenerative, gn,-dependent regenerative
depolarization, the next element is raised above
threshold and propagation of the action poten-
tial results.

SOURCES, SINKS, AND PROPAGATION
Approximation 17: The fulfillment of liminal length require-
ments or the attainment of threshold can be considered a propa-
gated event with the action potential a local membrane phenom-
enon. This approach emphasizes the importance of the source and
sink.

Fozzard {6} has suggested that depolarization
to threshold by the local circuit current can be
considered the propagated event, with the ac-
tion potential a local membrane response. If
one views conduction in this way, the relation-
ship between the active membrane generator
properties (the source) and the passive mem-
brane properties (the sink) becomes apparent.

The Source

Approximation 18: The relationship between the intensity of in-
ward curvent and V. as well as that between V. and the
conduction velocity is problematic. It is interesting that the pro-
portional relationship between V. and the conduction velocity
holds as often as it does.

The development of a fast-response action po-
tential in a unit of membrane (say unit A-B in
fig. 6-1) was discussed in the section on Fast-
response  tissues and summarized in equation
6.25. This generator can be considered the
source or battery which supplies current to
neighboring units. If the unit is made very
small, the pure-membrane case applies and the
maximal rate of rise of phase 0 of the action
potential (V,, or dV/d¢..,) is proportional to
the ionic current. As units are linked together,
the relationship of V., to the transmembrane
current is less certain since it is now influenced
by the state of neighboring membranes and
the characteristics of longitudinal resistances.

Given the assumptions of a one-dimensional ca-
ble and assuming a propagated response along
the uniform cable at a constant conduction ve-
locity (0 in m/s), the distribution of the trans-
membrane voltage in space should be equiva-
lent to its distribution in time, that is:

PV [ 1)0°Vy
a? \8%) o8

If the basic cable equation (eq. 6.7) is com-
bined with equation 6.28, we have:

(6.28)

1d%v,, dv, V.
—— + —

— =
9 df dr N

(6.29)
Remembering from equation 6.3 that V_/r is
the ionic current, equation 6.29 becomes:

1 d*v,, dv.. .
o dr g T

LI ion (6.30)
In the case under discussion, the predominant
ionic current is the inward sodium current, but
in slow-response tissues it could be the so-
called slow inward current.

As mentioned above, it has been difficult to
measure sodium currents directly and V. has
been used as an indirect measure of this cur-
rent. Since V. is the maximal rate of rise of
phase 0, that is, it is maximal dV/d¢, the sec-
ond derivative, d’V_/d#*, at that instant be-
comes zero. Equation 6.30 then, becomes:

Vinax = — 6.31)

Assuming a constant ¢, with 7,, being
equivalent to the sodium current, V., would
be expected to correlate with the intensity of
the sodium current.

It has been problematic to analytically de-
scribe the relationship between V,,, and 0 al-
though it would be expected that an increased
inward ionic current would be associated with
an increased 0 and, given equation 6.31, with
an increased V.. Hunter et al. {68} found an-
alytic solutions that suggested that conduction
velocity did not depend greatly on the maximal
sodium conductance and was approximately
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equivalent to the square root of V.. Singer et
al. {69} reported a correlation between V.
and 0 in Purkinje fibers for depolarizations
from different membrane-activating voltages.

Given all the assumptions of one-dimen-
sional cable theory and the difficulty in extend-
ing linear theory to multidimensional systems,
it is interesting that the proportional relation-
ship between V., and 0 so frequently holds.
Those conditions which affect driving force
such as alterations in the transmembrane volt-
age and equilibrium potential (The cell mem-
brane: structuve and function) and which inacti-
vate sodium channels (Fast-response tissues) or
otherwise interfere with the proper function of
the sodium channels such as drugs generally are
associated with a decreased conduction veloc-
ity.

Slow-response tissues (as discussed previ-
ously) depend on the so-called slow inward cur-
rent, a mixed calcium—sodium current that
moves from a kinetically slow channel that is
distinct from that of the fast-response tissues.
The V. of these tissues is very slow as is the
conduction velocity. A very low V., however,
does not identify a slow-response tissue since
depressed fast-response tissues can have similar
rates of rise and conduction velocities.

The Sink: the Foot of the Action Potential

Approximation 19: Continnous cable theory predicts certain re-
lationships between conduction velocity, the foot of the action po-
tential, cable properties (see Fast-response tissues) or otherwise
interfere with the proper function of the sodium channels such as
drugs generally are associated with a decreased conduction veloc-
iry.

The local action potential, the source, influ-
ences the neighboring tissues by electrotonic
interaction. The electrotonic spread of current
first fills the capacitance of the adjacent quies-
cent segment, and this has the appearance of a
slow exponentially rising increase in transmem-
brane voltage which precedes the rapid depolar-
ization phase of the propagation action poten-
tial; this has been called the “foot” of the
action potential [70]}. Since the voltage has an
exponential rise in time, it can be plotted on a
semilogarithmic scale as a function of time and

a time constant for the foot (Tg,) can be deter-
mined. The solution for equation 6.29 is the
sum of two exponentials, and solving for the
positive root and simplifying we have:

Am\, 1
Teoe = | — | —
foot e T

or, in terms of the cable equations,

(6.32)

L
0%, 20°R,Cm

(6.33)

Thooe —

The fiber radius (2), 7, Tepo, and 0 can be de-
termined experimentally, and the capacitance
calculated. The error using this approach is less
than 5% for a cable like Purkinje fiber. If this
line of reasoning is correct, then conduction ve-
locity should correlate inversely with Tg, and
Dominguez and Fozzard {42} showed this to
occur in sheep Purkinje fibers.

The Sink: Continuous Cable Theory and Propaga-
tion. We have already derived the equations
that describe the effect of passive cable proper-
ties on conduction velocity in the one-dimen-
sional cable. This can be easily appreciated by
rearranging equation 6.33:

0> = 1 a

(6.34)

Tfootti€m ZTfoot Ri Cm

The topic of intercellular communication
was considered in some detail previously in this
chapter. As discussed, the gap junctions are the
primary determinants of longitudinal resis-
tance, and #; may vary greatly, depending on
the state of extracellular coupling. The direct
experimental testing of the effect of #; on 0 has
been limited. In nerve, Del Castillo and Moore
{71} altered #; by introducing wires into the
axoplasm and found that 8 could be varied over
a wide range. A failure of the transmission of
impulses has been observed in cardiac tissues
when presumably 7, was manipulated by a va-
riety of techniques {21, 26}. Lieberman et al.
[72} thought that decreased electrical coupling
caused decreased conduction velocity in cul-
tured chick cells. Diaz et al. {73} and Joyner
[74] have recently modeled the effects of elec-



128 I. CARDIAC MUSCLE

trical coupling on propagation. Experimental
alteration in extracellular conductivity has also
been demonstrated in atrial tissue {75} and
more recently in Purkinje tissnes (see recent
discussion in Antzelevitch and Moe [76]).

Equation 6.34 also suggests that 0 should
increase in proportion to the square root of the
radius of the fiber. This, of course, assumes a
constant internal conductivity, a large extracel-
lular space, and unchanging membrane con-
ductances and capacitances. Draper and Mya-
Tu [77} found a rough relationship between di-
ameter and conduction velocity. Schoenberg et
al. {391 found no variation in the conduction
velocity in sheep Purkinje fibers that were be-
tween 50 and 250 wm in diameter. Cable anal-
ysis in these studies showed that R; was greater
for Purkinje fibers with a large diameter which
may have offset the influences of the diameter
itself on conduction velocity. In the Purkinje
fiber with a large diameter, the extracellular
clefts are more important and it may be inac-
curate to assume that r, is negligible. It is in-
teresting to speculate that the effects of v, + 7,
counter the influence of diameter.

Goldstein and Rall {78} have modeled the
change in conduction velocity in situations of
changing fiber geometry and branching. They
found that with a step reduction in diameter
conduction velocity increases; with a step in-
crease in diameter conduction velocity de-
creases. This follows from the amount of cut-
rent lost downstream in the sink. When
branching was considered, the impulse ap-
proaching the branching site first decreased
since the branches provided a larger sink and,
once past the junction and into a smaller
branch, the conduction velocity increased.
Critically slowed conduction at times resulted
in the failure of propagation and at other times
in an echo beat. Linear theory has been used in
more complex two- and three-dimensional
structural models which explained, in part, the
rapid fall off in potential near the point of
stimulation and the importance of longitudinal
resistances and geometry on determining the
conduction velocity, influences which seem
more important than that of membrane con-
ductances and driving forces.

The Sink: Discontinuous Propagation

Approximation 20: The continuous cable theory and the resul-
tant predictions mentioned in approximation 19 do not always
fit the experimental observations. Recent investigations suggest
that discontinuous propagation may be important in cardiac tis-
sue.

Models based on continuous cable theory do
not fully consider structural complexities. Som-
mer and Dolber [79} describe “unit” bundles
that contain 2 — 15 cells that have connections
every 0.1 — 0.2 mm. These unit bundles form
fascicles which are separated from each other by
connective tissue and are connected at distances
that Dolber {80} suggests are related to diam-
eter. The fascicles, in turn, group into macro-
scopic bundles which have complex and vary-
ing interconnections. Intuitively, it is not
surprising that there may be variation in the
velocity of propagation with direction {81-84].
Spach et al. {83, 84} found that the propaga-
tion in atrial and ventricular muscle differed at
different angles relative to the orientation of
cells. Moreover, they observed in conditions
where active and passive membrane properties
could not have changed that not only was prop-
agation in the direction of the long axis of the
cellular structure relatively rapid as compared
to conduction transverse to the long axis, but,
rather unexpectedly, longitudinal conduction
was associated with a slower V. and longer
Troe than was transverse propagation (for ex-
ample, fig. 6-6). For the reasons discussed ear-
lier and represented in equations 6.31 and
6.32, such findings could not be predicted
from continuous cable theory. Spach et al. {84]
also found a directional dependence of velocity
and extracellular potentials at branch sites and
at more complex muscular junctions (for ex-
ample, fig. 6-7). Again, continuous cable
theory would not predict such a dependency on
angle and direction.

Spach et al. {83, 84} suggest that the dis-
continuous structure of cardiac muscle may be
responsible for the observed discontinuities of
propagation. This has been incorporated into
what they term the “R, Hypothesis”. R, is the
“effective axial resistivity” which is the resistiv-
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FIGURE 6-7. Directional dependence of velocity and ex-
tracellular potentials at branch sites. The drawings on the
left show the activation sequences for the two stimulus
sites (square wave) on the pectinate muscle bundles. The
points on the outline of the preparation show the location
of extracellular recording sites from which the activation
maps were constructed. The extracellularly recorded
waveforms at the numbered locations are shown on the
right. From Spach et al. {84].

ity in the direction of propagation rather than
the resistivity along the long axis of the fibers.
This term includes the influences of cellular ge-
ometry, intracellular and extracellular resistivi-
ties, cellular packing, and the influences im-
parted by the resistances, extent, and
distribution of couplings between cells and
other structural units. If R, is substituted for 7,
in the cable equation and geometric terms in-
cluded to consider membrane current per unit
length, we have:

ma’6°V,p Ve |
= fm L + Zion

Ra? ™ ©6.35)
From modifications of this equation, axial cur-
rents and propagation velocities were calcu-
lated. Although the model is still somewhat
crude, computed extracellular waveforms at the
junction of two uniform cables of different R,
values did reproduce the type of results seen
experimentally at tissue junctions.

Spach et al. speculate at length concerning
the meaning of their findings to the so-called
preferential atrial pathways and slow-response
tissues and the interested reader is referred to
their recent work {83, 841].

SAFETY FACTOR

The liminal length concept (discussed previ-
ously in this chapter) states that a certain
amount of activating current (current in time
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or charge) is required to overcome the repolar-
izing influences of adjacent tissues and produce
a propagated action potential. The term “safety
factor” is the excess in the activating cutrent or
charge over that just required to produce a re-
generative propagated response: it is, then, the
excess of source over sink. Clinicians are quite
aware that certain tissues have a low safety fac-
tor, such as the AV node where propagation
commonly fails; while others have a high safety
factor, such as the Purkinje fibers of the spe-
cialized His—bundle branch system where con-
duction rarely fails. Let us consider the safety
factor in terms of sources and sinks.

The Source. Hodgkin {85} calculated a rela-
tionship between the density of sodium chan-
nels and conduction velocity in the unmyeli-
nated nerve. The sodium channels, it should be
recalled, are opened by gating charges. An in-
crease in the density of sodium channels will
increase the maximal sodium current and favor
propagation, but it will also require more gat-
ing charges which act as an extra capacitance
and slow conduction velocity; the former
would increase and the latter would decrease
the safety factor. He calculated an optimal den-
sity of channels and arrived at a figure that corre-
sponds to experimental studies. Analogous
studies are not available in heart muscle, but it
is reasonable to assume that the same general
principles apply.

The driving force and resultant current flow
are greater and reactivation is much faster in
normal fast-response tissues which depend on
the rapid inward sodium current such as the
atria, the His—bundle branch—terminal Pur-
kinje system, and ventricular muscle as com-
pared to the slow-response tissues, which de-
pend on the mixed Na*-Ca?* current (i)
found in the SA and AV nodes as well as in
some injured tissues. For the reasons discussed
earlier, depolarization of the cell can partially
inactivate the sodium system, an action which
would tend to decrease the safety factor.

Intuitively, then, characteristics of the
source are consistent with the commonly ob-
served failure of propagation in the AV node
and the relatively unusual failure of propaga-

tion in fast-response tissues such as the atrium,
His—bundle branch—Purkinje system, and ven-
tricles.

The Sink. Many of the characteristics of the
sink that would increase or decrease the safety
factor have already been discussed and are con-
sidered in equation 6.34 of classic cable theory
and in the recent modification by Spach et al.
[83, 84} expressed in equation 6.35. In some
cases, such as the experimental studies by Ant-
zelevitch, Jalife, Moe, and their collaborators
(see, for example, Antzelevitch and Moe [76}),
changes in extracellular resistivity can also de-
crease the safety factor. If the reader has an un-
derstanding of the principles discussed earlier
in Propagation of the action potential, this should
be apparent. Intuitively, two- and three-di-
mensional considerations suggest that the sink
would be much greater in highly branched tis-
sues such as the AV node as compared to cable-
like Purkinje fibers, so the safety factor would
be lower in the former and higher in the latter.

What is less intuitively obvious are some of
the observations by Spach et al. {83, 84]. As
mentioned, they observed in fast-response tis-
sues that propagation velocity was high in the
direction of the long axis of cells and low in
the transverse direction: the difference thought
due to electrical coupling. They found, using
increasingly premature extrastimuli, that uni-
form propagation became first decremental and
then ceased in the direction with the highest
velocity originally, while propagation persisted
in the direction which originally had the lower
conduction velocity. In these experiments in
“discontinuous” structures, the safety factor
was higher when the conduction velocity was
lower and vice versa, which contrasts to the op-
posite effects in “continuous” structures such as
cables when the active and passive membrane
properties are changed.

Arrbythmias and Antiarrhythmic Drugs

The topic of arrhythmogenesis and the mech-
anisms of antiarthythmic drugs will be con-
sidered specifically elsewhere in this book
(chapters 20 and 21) and will be related to
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A. NORMAL B. UNIDIRECTIONAL BLOCK WITH REENTRY

UNIDIRECTIONAL
BLOCK

C. PRODUCTION OF BIDIRECTIONAL BLOCK D. ABOLITION OF UNIDIRECTIONAL BLOCK

BIDIRECTIONAL BLOCK

ABOLITION OF
3 ¢ UNIDIRECTIONAL BLOCK

FIGURE 6-8. Diagrammatic scheme of unidirectional block with reentry. (A) An impulse propagates from a central
Purkinje fiber (1) down two branches (2, 3) and activates the ventricle (4), producing a QRS complex. (B) Injury
produces a depressed segment that unidirectionally blocks the impulse in branch 3. The impulse travels normally down
branch 2, activates the ventricle, producing a normal QRS complex, and conducts very slowly in a retrograde manner
through the depressed segment in branch 3. If the tissue at the bifurcation has recovered its excitability by the time the
impulse emerges from the depressed segment, the tissue can be reentered and reexcited. As indicated by the dashed
arrows, the impulse may travel both down branch 2 to the ventricle, producing a premature ventricular depolarization,
or may conduct back up the central Purkinje fiber (1). If the reentrant circuit is sustained, a sustained ventricular
tachycardia would result. The success or failure or reentry, then, depends on the conduction velocity in the normal and
depressed tissues, the refractoriness of tissue that had previously been excited, and on other passive and active electro-
physiologic properties of importance of cardiac excitability. The segment with unidirectional block may have as its
source a depressed sodium current or a slow inward current. The latter is found normally in the SA and AV nodes. (C)
The reentrant loop is abolished by the conversion of unidirectional to bidirectional block.

other chapters as well. It is useful, however,
at this point to make a few observations that
are relevant to the concepts regarding cable
properties and propagation discussed in this
chapter.

For many years, clinicians and physiologists
have related arrhythmogenesis to altered im-
pulse formation and abnormal propagation.
New information suggests that automaticity
must be considered part of a larger category
of sustained rhythmic activity {62}. Recent

studies of altered cardiac excitability fit un-
comfortably into either category {16, 42—46,
86}. Often, these mechanisms coexist and in-
teract.

REENTRY

Approximation 21: Conceptually, the success or failure of reentry
depends on the relationships between anatomy, refractoriness, and
conduction velocity. The electrophysiologic properties, in turn, de-
pend on the active and passive determinants of excitability dis-
cussed in earlier sections of this chapter.
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Although the term ‘“‘reentry” has been criti-
cized {62}, it is retained since it is a useful
concept and a familiar term. The Schmitt-Er-
langer model of over a half-century ago remains
a reasonable starting point for this discussion,
and a modification of it is depicted in figure 6—
8. Some segment blocks propagation in one di-
rection as a result of local injury, altered refrac-
toriness, or some other alteration in the source
R sink. This segment must be functionally iso-
lated from the surrounding tissues and the im-
pulse must persist sufficiently to allow previ-
ously excited tissue to be reactivated and
reentered. Conceptually, the simplest calcula-
tion of the length of the reentrant loop is:
L. = 8 X RP, (6.36)
where L. is the length of the reentrant circuit,
0 is the slowest conduction velocity, and RP,
is the refractory period of the tissue to be reen-
tered. For a normal fast-response Purkinje fi-
ber, 0 is about 3 m/s and RP, is about a third
of a second, so L. would be a meter, a length
that anatomically is not feasible. If 0 is reduced
to 0.01 m/s or less, then L. enters the milli-
meter range which is appropriate. This circuit
may involve supraventricular, junctional, and
ventricular tissue. The circuit may be large as
in bundle branch reentry or small such as re-
flection within a single strand of a Purkinje fi-
ber.

As mentioned, the SA and AV nodes have
slow responses and normally have slow conduc-
tion velocities. For this reason, reentrant beats
and sustained reentrant rhythms commonly
utilize the AV node. Clinically, reentrant pa-
roxysmal supraventricular arrhythmias that uti-
lize the AV node are the most common type of
tachyarrhythmia in the patient with a normal
heart. After all, we all have AV nodes. Less
commonly reentrant arrhythmias utilize the SA
node.

The conduction velocity in fast-response tis-
sues has been discussed in detail above and de-
pends both on the source and the sink. The
maximal sodium conductance can be decreased
by a loss of integrity of the channels, by block-
ade of the channels, by altered kinetics of the
activation and inactivation variables, by inhi-

bition of the ionic pumps, and by accommo-
dation. Perhaps more important are the influ-
ences of the sink: particularly alterations in the
*o, 7, and R, discussed in Propagation of the ac-
tion potential. The occurrence of reentry due to
discontinuous propagation as reported by Spach
et al. {84} is of particular interest. A failure of
repolarization, as seen in figure 64, will also
slow or abolish conduction since it influences
the source and membrane conductances both
locally and in adjacent tissues.

AUTOMATICITY

Approximation 22: Normal and abnormal automaticity may in-
fluence propagation by affecting the state of activation of the
sodium system through electrotonic influences and, at times, may
cause selective block in a certain type of tissue.

Normal automaticity and abnormal automatic-
ity, including triggered rhythmic activity, may
be arrhythmogenic in themselves, or may influ-
ence impulse propagation. A slowly rising
pacemaker potential (phase 4) may close the
off-gate to a slower or lesser extent (accommo-
dation) and may result in a focal block for a
conducted impulse. This is thought to be the
mechanism of some bradycardia-dependent
bundle branch blocks. Recent studies in the
tissue bath indicate that slow conduction may
be mediated by electrotonic transmission (see,
for example, Antzelevitch and Moe {76}) and
the source of the electrotonus could well be an
automatic focus. Ferrier {87} has clearly dem-
onstrated that, in the presence of digitalis ex-
cess, the propagation of an impulse from a pap-
illary muscle via a Purkinje fiber to the free
ventricular wall may be interupted by a rate-
dependent oscillatory afterpotential in the con-
necting Purkinje strand.

ALTERED EXCITABILITY

Approximation 23: Certain interventions have been observed to
alter the relationship between the charge requivements necessary
for a regenerative action potential and the V. of the action
potential even though the activation voltage remains unchanged.

It was mentioned that some recent studies on
excitability do not fit comfortably into the tra-
ditional categories of abnormal impulse forma-
tion or altered propagation. An example from
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FIGURE 6-9. V,,,, vs charge (Q) relationships at # = 100
ms before and after LPC in two different experiments.
From Arnsdorf and Sawicki {48].

our study on LPC is shown in figure 6-9 [49].
In this case V., was assessed as a function of
charge for intracellularly applied currents of
100 ms duration before and after LPC. The
Vmax in the control situation could be described
as a smooth curve. The values for the current
required to reach threshold (I,), for the differ-
ence between the resting and threshold poten-
tials (AV), and R,, are included in the insets.
Note the altered relationship between V e and
charge after LPC. Such changes in the source
would of necessity affect the conduction veloc-
ity in the tissue.

ANTIARRHYTHMIC DRUGS

Approximation 24: The effects of an antiarrbythmic drug on the
electrophysiologic properties of normal tissues and tissues altered
by an arrbythmogenic influence are complex. The net effect on
cardiac excitability depends on the relative effect of arrbythmo-
genic influence and the antiarrbythmic drug on the active and
passive determinants of excitability. The relationships between
the intervention and the sources and sinks change in time. The
use of multiple microelectrode techniques and rapid computer-
based data analysis permits identification of such actions and
interactions.

For a number of years, our view of the actions
of antiarrhythmic drugs has been expressed in
terms of the effects that these drugs have on
fundamental electrophysiologic properties (see
reviews by Arnsdorf and Hsieh {88} and Arns-
dorf and Childers [61, 98]). Most antiar-
thythmic drugs inhibit the sodium system.
This has been termed a “local anesthetic” or
“membrane-stabilizing” “direct membrane” ac-
tion by many authors. At this point, it should
be evident how terribly imprecise such terms
are. Inhibition of the sodium system would de-
crease conduction velocity by acting on the
source and could interrupt a reentrant circuit
by producing bidirectional block. Calcium
channel blockers would have the same type of
action if the source in the area of unidirectional
block was the slow inward current. Some con-
sideration has been given to the effects that
drugs have on repolarization and on autonomic
influences. Very little attention, however, has
been paid to the action of antiarrhythmic drugs
on other determinants of cardiac excitability
such as liminal length, current or charge
threshold, passive membrane properties, and
other properties of the “sink”.

What is more important to antiarrhythmic
drug action, the effects on the source, the sink,
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FIGURE 6-10. The effect of procainamide (A) and lidocaine (B) on the nonnormalized strength—duration curve. In the
upper portion of each panel, the threshold voltage (V) is plotted as a function of current duration; in the lower portion
of each panel, the strength—duration curve is shown with the current required to fulfill the liminal length requirements
and produce a regenerative, propagating action potential, the so-called threshold current or I, plotted as a function of
the current duration (). As compared to the control, both procainamide and lidocaine shifted the nonnormalized
strength—duration curve upward, indicating that the threshold current requirement increased after the intervention, i.e.,
less excitable in classic terms. Note that neither drug affected the resting transmembrane voltage (V,), but that procain-
amide made V,, less negative while lidocaine little influenced V,,. From Arnsdorf [86].

or some other component? We do not really
know the answer to this question, but all are
probably important and the relative importance
may well depend on the state of the tissue. The
one thing that we can say with certainty is that
drugs influence much more than the source.
Some time ago, we studied the effect of pro-
cainamide and lidocaine, in concentrations
equivalent to clinical antiarrhythmic plasma
levels, on the determinants of excitability in
normal Purkinje fibers {44, 45]. Figure 6-10
shows strength—duration curves from these
studies. Note that both drugs shifted the non-
normalized strength—duration curve upward,
indicating that the tissue was less excitable in
classic terms since more current, I,;, was re-
quired to attain threshold for any current du-
ration after the drug had been applied. Al-
though I, was affected similarly by both

drugs, the mechanisms differed in that procain-
amide decreased excitability by making Vy, less
negative (a term that depends on sodium con-
ductance) while lidocaine little affected V,,,
but decreased membrane resistance in the sub-
threshold range. Cable analysis showed that
procainamide increased and lidocaine decreased
the length constant, so that the sink would also
be altered differently by the two drugs. Subse-
quently, studies have indicated that the effect
of lidocaine on the sodium system depends
greatly on the activation voltage, with the ef-
fect being much more intense in depolarized
tissue.

A more complicated example of the interac-
tions between an arrhythmogenic intervention
and an antiarrhythmic drug was observed in
our studies on LPC and lidocaine. As discussed
in Practical considerations, LPC is thought to be
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FIGURE 6-11. The effect of LPC and lidocaine during
continued LPC superfusion on strength—duration curves

in a Purkinje fiber. From Sawicki and Arnsdorf (unpub-
lished data).

a metabolite of ischemia that is arrhythmo-
genic, and we discussed some of the complex
effects that LPC has on active and passive
membrane properties of the cell. In our studies
on LPC and lidocaine, a computer-based data
analysis system was critical since the changes
induced by LPC and the interaction of the sev-
eral effects of lidocaine needed to be defined
rapidly so that the experimental conditions
could be considered comparable from prepara-
tion to preparation. Nonnormalized and nor-
malized strength—duration curves from a typi-
cal study are shown in figure 6—11. As seen in
panel A of figure 6-11, LPC (triangles) caused
the curve to shift downward, making it more
excitable in the classic sense since less current
(I) was required for any given duration to pro-
duce a propagated response. Note that this oc-
curred despite a decrease in V,, from 816 to
693 V/s, that is, despite some depression of the
sodium system. The increased excitability was
mediated primarily by an increase in R, and
slope resistance throughout the subthreshold
range as assessed by cable analysis and current—
voltage relationships, respectively. R, in-
creased from 1242 to 1528 Qm’. During the
phase of increased excitability after LPC, lido-
caine decreased excitability as indicated by the
upward shift in the nonnormalized strength—
duration curve. Lidocaine acted bv two distinct

mechanisms: (a) a further depression in the so-
dium system that was additive to the depres-
sion caused by the LPC, and (b) a direct count-
ering of LPCs effect on the membrane
resistance at rest and in the subthreshold range
as defined by cable analysis and current—voltage
relationships. The additive suppression of the
sodium system resulted in the drop in Vi,
from 693 to 258 V/s and in V, becoming less
negative (—55 to —47 mV); the countering
effect on membrane properties was demon-
strated by a decrease in R, from 1528 to 1380
Qcm®. Both the arrhythmogenic intervention
and the antiarrhythmic drug affected the source
and the sink: the net effect on cardiac excita-
bility depended on the relative effect of each on
the active and passive properties.

Approximation 25: The literature has emphasized the effects of
antiarrbythmic drugs on shortening and lengthening the action
potential duration and refractory period. More complex effects
have been described such as the “normalization” of action poten-
tials having two stable steady states. Such action potentials will
influence propagation and, at times, may be conducive to the
development of abnormal automaticity. Normalization of the ac-
tion potential will normalize conduction and abolish voltage-
dependent abnormal automaticity.

The effects of antiarrhythmic drugs on repolar-
ization are usually discussed in terms of the
shortening or lengthening of the action poten-
tial duration and refractory periods. The ac-
tion, however, may be much more complex.
Referring once again to figure 65, lidocaine
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in panel C converted an action potential with
two stable steady states to an essentially normal
action potential with normal parameters, and
washout of the drug in panel D resulted in a
return to two stable steady states. If depolari-
zation of this type had created the segment of
unidirectional block in a reentrant circuit, a
drug-induced normalization of the action po-
tential could interrupt the reentrant arrhythmia
by abolishing the area of unidirectional block
(panel D of figure 6-8). We have observed a
number of drugs capable of “normalizing” such
action potentials {90}].

A failure of repolarization may also be con-
ducive to the development of slow-response ac-
tivity. For example, we observed {91} that the
normal upstroke of the action potential could
trigger sustained rhythmic activity during the
plateau phase. This triggered activity con-
ducted slowly. An example is shown in figure
6-12. In the control (panels A and B), an elec-

FIGURE 6-12. The effect of lidocaine on triggered sus-
tained rhythmic activity (TRSA) in a Purkinje fiber. In
the control situations (A and B), the electrically induced
action potential triggered slow oscillatory activity that
crescendoed into nondriven sustained action potentials.
TSRA persisted indefinitely until terminated by a hyper-
polarizing intracellular current that permitted attainment
of the repolarization “threshold” and a return to V,. The
hyperpolarizing current (arrow in B) was applied 45 min
after initiation of the TSRA. Lidocaine caused an almost
immediate attainment of the repolarization threshold and
a “normalization” of the action potential (C). After lido-
caine washout (D—F), TSRA rapidly reappeared. From
Arnsdorf {91}.

trically induced action potential arising from
V. of —83 mV triggered slow oscillatory activ-
ity that developed into nondriven sustained ac-
tion potentials. The triggered sustained
rhythmic activity persisted until 45 min a hy-
perpolarizing intracellular current of 7 nA was
applied (downward arrow) which allowed at-
tainment of the repolarization “threshold” and
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a return to the resting potential (panel B). This
fiber also favored two stable steady states: the
first at its quiescent V,, the second at a low V,
which was sufficient to induce sustained abnot-
mal automaticity of lidocaine. V; had become
more negative at —87 mV, repolarization
threshold was normally attained with an action
potential duration of 550 ms at a cycle length
of 1200 ms, and the V.., of the action poten-
tial was 510 V/s. After lidocaine, then, there
was only a single steady state at V,. With
washout of the lidocaine, the triggered sus-
tained rhythmic activity rapidly appeared (E
and F) and the preparation could be shifted
from the steady state with the rhythmic activ-
ity to V, by introduction of an intracellular hy-
perpolarizing current (arrow in panel F). The
mechanisms of the repolarization are uncertain,
but probably represent a combination of an in-
creased outward current and a decreased inward
background current.

The complex actions and interactions of ar-
rhythmogenic influences and antiarrhythmic
drugs on the active and passive properties of
heart cells that are relevant to excitability and
propagation have only begun to be investi-
gated. Many such interactions would not have
been appreciated except by using multiple-mi-
croelectrode techniques that allow controlled
electrical perturbation of the cell and by em-
ploying a rapid data analysis system. To these
influences must be added the effects of such in-
fluences and drugs on intracellular ionic activi-
ties.

The complexity of drug action makes the
classification of antiarrhythmic drugs difficult.
Any classification, including our own {61, 88,
891, must be considered an opinion and should
be used as an intellectual framework for a ra-
tional approach to understanding drug action
with the understanding that our knowledge of
the alterations in the determinants of excitabil-
ity caused by arrhythmogenic influences and
antiarrhythmic drugs is very sketchy. Any dog-
matic statements in the literature must be con-
sidered with skepticism.

Concluding Comments

Cardiac excitability depends on characteristics
of the source and the sink which, in turn, are

the determinants of impulse propagation. The
source depends on active membrane generator
properties; the sink depends on passive mem-
brane properties as modified by tissue structure
and geometry. Although the influence of the
source on cardiac excitability and impulse
propagation is important, recent investigations
have shown that characteristics of the sink are
of equal, or perhaps even greater, importance.

Consideration of biophysical theory can be
tedious. Yet, some understanding of biophysi-
cal theory is required to appreciate whether ex-
perimental investigations are testing rational
hypotheses and whether clinical extrapolations
are reasonable. For the reasons discussed, we
feel that much of the experimental work on
cardiac excitability, impulse propagation, ar-
thythmogenesis, and the actions of antiar-
rhythmic drugs fails to consider adequately
biophysical theory. Nevertheless, certain terms
such as “membrane-stabilizing effects” and “lo-
cal anesthetic action” have been used to de-
scribe drug actions and have become a regular
part of the experimental and clinical literature
despite their relative lack of meaning. Perhaps
more seriously, these empty terms have a cer-
tain appeal because of their simplicity, and
have been accepted by clinicians as a mecha-
nism of drug action and a sufficient explanation
for an antiarrhythmic effect. In a real sense, all
effects of drugs on active and passive membrane
properties may be arrhythmogenic as well as
antiarthythmic. This can be appreciated only
through an understanding of fundamental elec-
trophysiologic principles.

As stated in the Introduction, the purpose of
this chapter was to create an intellectual frame-
work for the reader based on biophysical theory
which would allow him to appreciate what is
known and what is unknown, to decide
whether our current hypotheses are reasonable
or unreasonable, and to critically assess extra-
polations which have been made from the basic
laboratory to the clinical situation. If this pur-
pose has been achieved, the reader should be
able to appreciate the interesting question
posed by Plato in Book IV of the Republic: “For
when a man knows not his own first principle
and when the conclusion and intermediate
steps are also constructed out of he knows not
what, how can he imagine that such a fabric of
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convention can ever become science?” We now
know a few of the first principles, some of the
intermediate steps, and can hazard a few con-
clusions.
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7. THE ELECTROCARDIOGRAM AND ITS
RELATIONSHIP TO EXCITATION OF
THE HEART

Roger C. Barr

Introduction

If voltage is recorded as a function of time be-
tween two electrodes separated on the body
surface, a sufficiently sensitive amplifier will
show that a changing voltage exists between
the two electrodes that has the same periodicity
as the heartbeat. A.D. Waller {1} and others
demonstrated around 1900 that this voltage
originates in the electrical activity of the heart.
Accurate measurement of such electrocardio-
grams (ECGs) was greatly facilitated by the in-
vention of the string galvanometer by Einhoven
[2]. The string galvanometer, although bulky,
was the first recording instrument capable of
producing electrocardiograms comparable in fi-
delity to those observed today.

In a remarkable series of experiments, Sir
Thomas Lewis [3] measured the sequence of
electrical excitation of the atria and ventricles
in dogs. Lewis simultaneously measured body
surface electrocardiograms and waveforms from
atrial and ventricular electrodes. Thereby, he
established in some detail the temporal rela-
tionship between atrial and ventricular excita-
tion and their manifestations in portions of the
electrocardiogram.

Examples of ECG waveforms are shown in
figure 7—1. By convention, deflections within
the overall periodic waveform are referred to by
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N. Sperelakis (ed.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART.
Al rights reserved. Copyright © 1984.

Martinus Nighoff Publishing, Boston/The Haguel

Dordrecht|Lancaster.

the consecutive letters P, QRS, and T as shown
(bottom, fig. 7—1). The P deflection originates
from the electrical excitation of the atrium, the
QRS deflections all originate from electrical ex-
citation of the ventricles, and the T deflection
originates in ventricular repolarization. The P,
QRS, T nomenclature is a way of describing
the observed electrocardiogram, not a method
of interpretation. Waveforms of electrocardio-
grams vary widely from site to site on the body
surface of a single individual (compare figure
7-1 top and bottom), or from individual to in-
dividual. As a result, a specialized nomencla-
ture exists to describe different waveshapes {4}.

The amplitude calibration of figure 7—-1 in-
dicates an order of magnitude of P waves of
about 100 wV and of QRS and T of millivolts.
Substantial variations in magnitude are seen on
particular recordings. In comparison, noise lev-
els of 30 WV peak to peak often are present
even on recordings made with careful attention
to the electrodes and the surroundings. Noise
levels of 1000 WV or more are (unfortunately)
common under less-controlled circumstances.
Because measured noise levels are significant in
relation to the size of ECG deflections, the
presence of noise is a theoretical and practical
limitation on the amount of information that
can be gained from interpreting ECG measure-
meants.

If the noise were not present, it should
be possible to observe a number of other
deflections of cardiac origin on the body sur-
face tracings that might prove of great val-
ue. For example, voltages from the ventricular
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conduction system should be present. Record-
ings of such voltages have been reported from
research laboratories where noise was reduced
by averaging multiple beats or using multiple
amplifiers {5}. Moreover, low-amplitude volt-
ages not now observed from excitation of the
ventricles during some types of arrhythmias
might be observed.

Measurement of ECG's

Understanding of electrocardiograms has come
about as an interplay between the development
of careful methods for making more and
higher-quality measurements and attempts to
understand the origin of these observations.
More extensive and better descriptions of the
electrical events occurring on the body surface
have provided the opportunity for more com-
prehensive understanding of their origin. Con-
versely, limitations in the number and quality
of measurements posed by such considerations
as electrodes’ characteristics, external noise, or
the number of leads available have made it im-
possible in practice to perform some kinds of
ECG analysis that would be possible, at least
in principle, were these limitations not pres-
ent. It is therefore worthwhile to describe some
aspects of how ECGs are measured, some con-
ventions associated with their measurement,
some of the characteristics associated with elec-
trocardiographic waveforms as a group, and
some aspects of how the resulting information
is displayed to the investigator.

ELECTRODES AND AMPLIFIERS

A body surface ECG measurement in diagram-
matic form is shown in figure 7-2. Three elec-
trode sites, one each on the left arm (LA), left
leg (LL), and right leg (RL), are portrayed. The
function of the amplifier (Amp) is to amplify
the voltage difference between electrodes LL
and LA by a factor of about 500 so that the
larger signal can be displayed on a screen (S) or
recorder. Most real amplifiers achieve this re-
sult by taking the voltage difference between
electrodes LL and RL, the difference between
LA and RL, and subtracting the latter differ-
ence from the former. This plan is used to di-
minish the effects of external noise.

22
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FIGURE 7-1. Electrocardiographic waveforms. The volt-
age and time calibration marks apply both to the zp and
bottom waveforms. Note the marked difference in wave-
shape.

There are a number of problen.. associated
with making body surface ECG measurements
that would exist even in the simple configura-
tion of figure 7—2. Some of these are as follows.
The electrical characteristics of each skin-
electrode site can be modeled (imperfectly) as
shown in figure 7-3. The electrochemical in-
terface between the electrode and the skin tis-
sue has the effect of generating a voltage, rep-
resented by battery B. The relatively resistive
properties of the skin can be considered to be
represented by a resistance R between the un-
derlying body tissue and the amplifier. The
contact impedance changes as the frequency
considered increases, as indicated by capaci-
tance C. One proposed standard for diagnostic
ECG devices has set nominal values for R of 62
meg and for C of 47 nF {6}.

Although the voltage of B is small in rela-
tion to common manmade batteries, it may be
large in comparison with the magnitude of the
ECG. The presence of the skin-electrode volt-
age has a number of important consequences.
First, voltage B varies in magnitude up to
about 100 mV and depends upon the specific
composition and condition of the electrode,
electrode paste, and skin. Furthermore, it will
vary with time, for example, with changes in
skin moisture. Finally, it may have significant
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FIGURE 7-2. Idealized connections for making an ECG
recording. The function of amplifier Amp is to amplify
the voltage between the left arm (LA) and left leg (LL)
electrodes by a factor of about 500. The right leg elec-
trode (RL) is a voltage reference. Display of the waveform
is on screen A. Real amplifiers usually vary from the con-
nections drawn for safety, noise, and other reasons.

fluctuations due to physical movement of the
electrode. The changing values of the skin-elec-
trode voltage pose a limitation both in princi-
ple and practice to the precise comparison of
voltages on a single lead at different times and
particularly to the precise comparison of volt-
ages from different leads. In principle, if two
electrodes with precisely the same characteris-
tics are connected, one to the positive and the
other to the negative inputs of an amplifier, the
two voltages should offset each other with no

FIGURE 7-3. Equivalent circuit for the skin-electrode
contact. As an approximation, the skin-electrode interface
may be modeled electrically with a battery (B), resistance
(R), and capacitance (C).

resulting effect. Such precision is not obtain-
able in practice, as can be seen by watching
ECG monitors with good low-frequency re-
sponse, where gross movement of the ECG
baseline often is observed. To diminish the ef-
fect of the DC offset, ECG amplifiers are al-
most always AC coupled to the subject. The
consequence of this AC coupling is that even
in circumstances where DC currents might ex-
ist and be significant, perhaps with ischemia
and infarction, it is not practical to measure
them electrocardiographically.

Measured values of resistance R of figure 7—
3 at electrocardiographic frequencies have been
reported from the range of a few thousand to a
few hundred thousand ohms {7, 8}. These rel-
atively high resistances also have many conse-
quences. To compensate, amplifiers used to
make electrocardiographic measurements have a
high input resistance (that is, require a very
small input current). With present-day tech-
nology such amplifiers are easily obtained.
However, amplifiers of this kind are inherently
highly sensitive to extraneous noise as well to
the electrocardiographic signal. Specifically,
they are highly sensitive to 60-Hz noise either
capacitively or inductively coupled to the sub-
ject or to the leads from the amplifier. Cou-
pling occurs from whatever power lines are in
the vicinity, with the result that ECG traces
often show 60-Hz noise. To decrease such
noise, the leads from the amplifier to the sub-
ject generally are kept short and close together.
An extensive discussion of the sources of 60-Hz
noise in ECGs and measures that may be taken
to deal with it has been presented by Huhta
and Webster {9].

FILTERS

Electrocardiographic amplifiers often incorpo-
rate a high-pass filter because of the skin-elec-
trode voltage, and a low-pass filter to remove
high-frequency signals not of cardiac origin
(such as radio broadcasts). Occasionally filters
are used to remove 60-Hz interference. Filters
may be included as analogue electrical circuits
or as digital filters within ECG processing
equipment. In either case, such filters must be
used with considerable caution since they may
affect the recorded wave shape in subtle but im-
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portant ways. For example, Fourier series anal-
ysis of an ECG exactly repetitive at a heart rate
of 1 beat per second would show no ECG com-
ponents of frequency less than 1 Hz. Nonethe-
less, a high-pass filter with a cutoff of 1 Hz
might significantly change the recorded ECG.
Changes might occur because of small ampli-
tude changes above 1 Hz, or because of phase
shifts of frequencies in the 1- to 10-Hz range.
Similar considerations apply to low-pass filters
for removing high-frequency noise.

Filters of 60 Hz will change ECG waveforms
to some extent, since components at 60 Hz also
arise from cardiac sources. Moreover, all filters
must be carefully examined for their tendency
to cause an oscillatory baseline, called “ring-
ing,” for tens or hundreds of milliseconds after
abrupt transitions (such as the QRS complex).
In considering filter use with electrocardio-
graphic signals, it is worth keeping in mind
that most filters are designed for analyzing
manmade signals; in these signals often only
the components largest in amplitude are im-
portant. In contrast, the presence and timing
of small features of cardiac electrocardiograms
or body surface electrocardiograms often are
highly significant.

SAFETY CONSIDERATIONS

Since the process of ECG recording requires
that good electrical contact be obtained be-
tween the recording device and the subject,
prudence requires that risk of shock be evalu-
ated. Such consideration is particularly neces-
sary where other electrical connections might
be present directly to the heart, as in cardiac
catheterization. The Committee on Electrocar-
diography of the American Heart Association
has made a number of recommendations with
respect to the standardization of electrocardio-
graphic equipment, particularly with the ques-
tion of patient safety as a consideration {10}.

Lead Systems

STANDARD LEADS

Since ECG voltages occur between any two
points on the body surface, with an arbitrarily
selected polarity, comparison of results ob-

tained from one laboratory with those from an-
other or of recordings from one subject with
those from another requires a common mea-
surement protocol. This fact was recognized by
early electrocardiographic investigators. Over
time, a set of measurements called the “stan-
dard leads” has emerged. Included are the three
limb leads of Einthoven: lead I is the voltage
measured between the left arm (positive) with
respect to the right arm, lead II is the voltage
on the left leg (positive) with respect to the
right arm, and lead III is the voltage on the
left leg with respect to the left arm. The “pre-
cordial leads” are a set of six leads measured in
standard anatomic locations located horizon-
tally around the left chest [11}. The voltage at
each of these sites is measured with respect to
“Wilson’s central terminal.” Wilson’s central
terminal is formed by connecting electrodes on
the right arm, left arm, and left leg to a com-
mon terminal through large-valued resistors.
The precordial leads often are called “unipolar
leads.” In addition, three “augmented unipolar
limb leads” {12} sometimes are measured. The
augmented leads use the right arm, left arm,
and the left leg, respectively, as the positive
electrode and measure with respect to the av-
erage of the other two. They are referred to as
aVg, aVy, and aVg. Together the three limb
leads, six precordial leads, and three aug-
mented unipolar limb leads are referred to as
the standard 12-lead ECG.

The nomenclature “standard 12-lead ECG”
must not be taken as implying more standard-
ization than exists, since in many contexts
fewer electrodes are used, more electrodes are
used, or different electrodes are used. For ex-
ample, vectorcardiograms are a specialized form
of electrocardiograms, based on the concept of
an electrical dipole as equivalent to the electri-
cal activity of cardiac sources (see below). Vec-
torcardiograms are made with special sets of
leads. For example, the “Frank leads” {13} are
used to record Frank vectorcardiograms.

COMPREHENSIVE LEAD SYSTEMS

A question of basic importance to ECG mea-
surements is: how many different leads are re-
quired to record all the information available
on the body surface about the cardiac state?
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This question is not easy to answer, since every
different site where an electrode is placed will
yield a somewhat different trace. Conversely,
two electrodes placed close together, particu-
larly at body positions relatively far removed
from the heart, will yield traces that are very
similar.

One way of examining this question is to de-
termine, for a possible new lead Vy, whether
voltages measured from it are a linear combi-
nation of the voltages observed on other leads
being recorded. Suppose two measured leads,
V, and V,, are compared to a new lead Vy.
This test becomes whether constants a, and a,
can be found so that

Va® — {3, Vi(®) + 2, V(01 = N (7.1)

where N is the magnitude of the noise. If val-
ues for a; and a, can be found that cause equa-
tion 7.1 to be satisfied at all times #, then Vy
can be computed from V,; and V, within the
noise level; therefore, Vy need not be mea-
sured. The same concept can be used to com-
pare a new lead with the standard 12 leads. (It
is interesting to note that if this test is used to
inquire whether limb lead III need be added if
limb leads I and II are measured, the conclu-
sion is that it need no¢ be. This redundancy
between the limb leads is widely known but
sometimes overlooked.)

If collections of 150-250 leads are compared
to each other by a test similar to that of equa-
tion 7.1 the results show that 20—40 leads
must be measured from a new subject to define
the entire potential distribution on the body
surface, depending on the noise level specified
{14, 15}. (If constants a, . . . are chosen by
retrospective analysis of a large number of leads
from a single person, 3—10 leads may be all
that are required.)

Temporal Characteristics

FREQUENCY CONTENT

Evaluation of the frequency content of ECG
waveforms is useful as a guide to the equip-
ment necessary for recording. More impor-
tantly, changes in frequency content might be

used as an indicator of changes in the underly-
ing cardiac state {16}. Evaluation of the fre-
quency content of measured electrocardiograms
shows that most of the signal power lies in fre-
quencies under 100 Hz. There is a gradual de-
crease of power as frequency increases, in part
due to noise in the measurements.

It is difficult (and risky) to specify a maxi-
mum frequency beyond which there are no sig-
nals of cardiac origin to be found. This diffi-
culty occurs because small features of the
electrocardiographic waveform, close to the
noise level, may still be quite significant. For
example, the entire P wave contributes rela-
tively little to the overall ECG signal in terms
of its “power,” compared to the much larger
QRS-T deflections generated by the ventricles.
Nonetheless, as the manifestation of atrial elec-
trical activity, accurate measurement of P
waves obviously is significant. Moreover, more
subtle features of the larger QRS waveform,
such as notches and slurs, in some studies have
been associated with hypertrophy or infarction.

SAMPLING RATES

The relative uncertainty of the frequency con-
tent is similarly reflected in digital measure-
ments. Where ECG signals are recorded by
digital sampling at a regular rate, commonly
used sampling rates range from 200 to 1000
samples per second. Rates lower and higher
than these are used in special circumstances.
Some examples of waveforms reconstructed af-
ter sampling at different rates are shown in the
report by Barr and Spach {17].

Origin of the Electrocardiogram

Determining body surface activity from cardiac
electrical activity is called the “forward prob-
lem” of electrocardiography. Many fundamen-
tal elements of its solution are well established
[18]. Some are summarized here briefly (more
extensive consideration of cardiac electrophysi-
ology is presented in other chapters).

The heart contains many electrically active
cells. When these cells are electrically at rest,
a potential difference of about 90 mV exists be-
tween the interior and exterior of each one,
with the intracellular volume being more neg-
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ative. In the course of a normal heartbeat, some
cells in the region of the SA node sponta-
neously depolarize (that is, the interior be-
comes less negative with respect to the exte-
rior). In a chain-reaction fashion there follows
the depolarization of the atrium, the AV node,
the ventricular conduction system, and the
ventricular muscle. After a period of time the
active cells spontaneously repolarize (that is,
the interior of the cell again becomes relatively
negative with respect to the exterior). The elec-
trical characteristics of the total heart are deter-
mined to a major degree by the fact that the
intracellular volume of adjacent cells apparently
is electrically interconnected by relatively low-
resistance connections {19}. As a result, the
ventricular muscle often is said to behave as an
“electrical syncytium.”

Electrical depolarization is accompanied by
current flow both within and outside each ac-
tive cell. The extracellular current flow extends
throughout the “volume conductor,” the name
given the resistive media between the cardiac
and body surfaces. A major determinant of the
relationships between cardiac excitation and
body surface electrocardiograms is the geomet-
ric placement of the heart within the torso,
since this placement determines the character-
istics of the volume conductor between each re-
gion of the heart and each site on the body
surface. Figure 7—4 shows a tracing of a pho-
tograph of a human cross section {20}. Among
the features evident from this tracing are the
lack of symmetry of the right and left ventri-
cles with respect to the right and left sides of
the body surface and the acentric location of
the heart within the torso. Most of the volume
conductor is constituted by the lungs, which
have markedly lower conductivity than the
heart, and skeletal muscle layers, which exhibit
significantly anisotropic conductivities (i.e.,
conductivities differing in different directions).

INTRACELLULAR-EXTRACELLULAR
CURRENT FLOW

The way that excitation of cardiac cells leads to
body surface electrocardiograms can be visual-
ized by means of current flow diagrams. One
such diagram is shown in figure 7-5. Two
“cardiac strands” A and B are contained within

D

FIGURE 7-4. Tracing of a cross-sectional photograph from
an adult male. This tracing was made from photographic
section 26 in the book by Eycheshymer and Shoemaker
[20}: A, anterior; P, posterior; LN, lung; R(L), right
(left) ventricular cavity.

a solution that conducts electrical current, the
“volume conductor” of this example. On the
surface of the volume conductor are attached
two electrodes, E, and E,. A similar pair of
electrodes, C; and C,, is within the volume
conductor, and a final pair, I, and I, is within
sttrand A. A meter M measures the potential

FIGURE 7-5. Current flow within and around idealized
strands A and B. Propagation is assumed to the right in
A and left in B (arrows). Electrodes I, and I,, C; and C,,
and E, and E, are pairs located intracellularly, within vol-
ume conductor C, and on the surface Sy of the volume,
respectively.
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difference between any pair of these electrodes,
with electrode 1 positive.

Suppose propagation occurs along strand A
to the right, as shown by the arrow; thereafter,
propagation occurs along strand B in the op-
posite direction. Suppose propagation along
strand A has reached the midpoint. At this
moment, consider the potential difference in-
side the strands between the two electrodes I,
and I,. A comparison of the intracellular poten-
tial between right and left ends of strand A
(voltage difference between I, and I,) would
show that the right end is relatively negative
with respect to the left end. That this potential
difference exists can be understood as follows:
The left side of strand A, through which prop-
agation already has occurred, has become de-
polarized relative to the extracellular volume.
The right side of strand A, not yet excited,
remains polarized. Voltage differences within
the extracellular volume are relatively small.
Therefore a potential difference of about 90 mV
exists intracellularly between the two ends of
this strand.

As a consequence of this intracellular poten-
tial difference, ionic current will flow within
the strand from the region of relatively high
potential to the region of relatively low poten-
tial. Through the process of capacitive dis-
charge across the membrane and ionic transport
through the membrane, the intracellular cur-
rent flow will be accompanied by current flow
across the membrane walls between the intra-
cellular and extracellular volumes. The gross
geometric pattern of this current flow will be
that of large loops, as shown diagrammatically

FIGURE 7-6. Hypothetical waveforms from excitation of
strand A, then strand B, of figure 7-5, as might be re-
corded from electrodes E, and E,: V, voltage; t, time;
A(B), time of excitation of strand A(B).

in figure 7-5. The most intense current flow
will be near the portion of the membrane un-
dergoing depolarization at each moment; how-
ever, current flow of diminishing intensity will
extend throughout the volume. (It is worth
noting that these intracellular—extracellular
current flow relationships can be analyzed in
detail and demonstrated quantitatively, {e.g.,
211)

If probes were inserted into the extracellular
volume and the voltage measured at point C,
with respect to C,, then at the midpoint of de-
polarization of strand A, C,; would be relatively
positive. (Note the opposite polarity between
the extracellular points C; and C, compared to
the intracellular points I; and I,.) That C; will
be positive with respect to C, can be recog-
nized from observing that cutrent flows from
the vicinity of C, to that of C,, and that Ohm’s
law will apply in the resistive volume conduc-
tor.

Electrodes E; and E, are connected to the
volume conductor at its surface. At the mid-
point of depolarization of strand A, electrode
E, will be positive with respect to electrode E,,
just as electrode C; was positive with respect to
C,; that is, electrical propagation toward E;
(and therefore away from E,) will make E,; pos-
itive with respect to E;.

Now consider a (hypothetical) record of volt-
age versus time that might be obtained if prop-
agation occurred first in A to the right and
then in B to the left (fig. 7-6). Voltage at E;
with respect to E, is plotted on the vertical
axis, with time is plotted on the horizontal
axis. The waveform comprises a positive and
then a negative deflection. The positive deflec-
tion is from propagation in strand A, as dis-
cussed above. The negative deflection is from
propagation in strand B, in the opposite direc-
tion. The trace shows the composite effect of
both strands. Information that could be de-
duced from such a record might include, for
example, the time of propagation through A,
corresponding to the width of the positive de-
flection.

Real electrocardiograms can be understood
(qualitatively) in terms of the concepts of fig-
ures 7-5 and 7-6. The surface of the volume
corresponds to the body surface, the electrically
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active strands correspond to the electrical activ-
ity of the cardiac muscle, and the trace of fig-
ure 76 is an “‘electrocardiogram.” It is obvious
that conceiving of real electrocardiograms in
such a way involves drastic simplifications,
since the cardiac structure is geometrically and
electrically complicated, with multiple differ-
ent cardiac regions sometimes active simulta-
neously. Additionally, the real volume between
the heart and body surface is inhomogeneous
with respect to conductivity and anisotropic.
Nonetheless, one of the most remarkable facts
about the relationship of the electrocardiogram
to excitation in the heart is that such simplified
concepts frequently do provide a qualitative ex-
planation for experimental and clinical obser-
vations.

SINGLE DIPOLE MODEL

A more mathematical viewpoint of the concep-
tually simply picture of the heart as a simple
current source inside a uniform volume conduc-
tor is diagrammed in figure 7—7. In the figure,
the electrical properties of the heart are repre-
sented by a “heart vector,” 7. The geometric
relationship between the current sources within
the heart and a point on the body surface are
represented by the “lead vector,” 21[221. In this
model, the potential at a point 4 on the body
surface, ®(4), is computed as product of vec-
tors Zand 7

B = 7P = cp + by, + cp, 7.2)
where

7 = heart vector = (p,, p,, )

and

>

¢ = lead vector = (¢, ¢, ¢,)

Changes in cardiac electrical soufces correspond
to changes in the heart vector, p The electrical
and geometric relationships between the dipole
source in the heart and a particular point on
the boéz surface are represented by the lead
vector, ¢.

A special merit of this model is that it iden-
tifies and separates ECG changes that occur be-

oL

® (b)

FIGURE 7-7. Equivalent dipole model. Vector7 repre-
sents a dipole generating current flow “equivalent” to that
of the heart, as observed on the body surface Lead vector
¢ represents the relationship between p. » and a particular
point 4 on the body surface. Potential ®(4) is measured
at b.

cause of changes in the sequence of cardiac ex-
citation or other cardiac electrophysiologic
changes from changes that occur because of
changes in the site of electrodes on the body
surface or other changes in the volume conduc-
tor. Different sequences of cardiac excitation
correspond to different sequences of changes in
the vector?), the lead vectors ¢ all remaining
the same. Conversely, the same sequence of
cardiac electrical events observed at different
positions on the body surface corresponds to
changing the lead vector ¢, without making
changes in the sequence of heart vectors.

It is important to recognize that heart vector
p represents the composite effect of all of the
electrically active regions of the heart at any
one moment. These will be of varying electrical
intensit_y) and distributed in position. Heart
vector p, as their composite effect, is not a
physically real entity, so its value cannot be
measured directly. Similarly, each lead vector
represents the composite effect of the volume
conductor between the site of the imaginary
heart vector and a particular point on the body
surface. As such, the lead vector is affected not
only by the geometric distances from the obset-
vation site to the heart vector, but also by the
electrical properties of the intervening volume
conductor.

At one time some investigators thought that
observations of cardiac electrical activity on the
body surface might be described gquantitatively
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FIGURE 7-8. Cross-sectional diagram of right and left
ventricular muscle, excluding the septum. The solid lines
within the RV and LV might be isochrones, and the +
and — signs the signs of the potentials observed around
a closed surface surrounding the active muscle.

by the single dipole model. Several lines of ex-
perimental evidence now make it clear that this
view is wrong. Body surface electrocardio-
graphic events are too complicated to be ex-
plained by a model that is this simple. More-
over, the lack of the ability in principle to
determine the heart vector from direct mea-
surement of electrical potentials within and
aronnd the heart has diminished the utility of
this model in recent years as direct heart mea-
surements have been realized more often.
Nonetheless, the single dipole model remains a
useful way to summarize large quantities of di-
verse body surface electrocardiographic infor-
mation in a simple way; it is sufficient for a
first-order approximation of the major features
of the observations. This model is the basis for
vectorcardiography.

ISOCHRONES AND CARDIAC
POTENTIAL DISTRIBUTIONS

The most comprehensive ways to measure car-
diac electrical events, as they relate to body
surface electrocardiograms, are measurements
of cardiac excitation sequences using epicardial
and plunge electrodes {23, 24}, and measure-
ments of potential distributions within and on
the heart itself [25].

Figure 7—8 shows diagrammatically results
that might be obtained from such measure-
ments. Within the diagram of figure 7-8, the
dark line in the LV and RV regions indicates a
hypothetical excitation wavefront as it might
exist at one moment. The complete sequence of
excitation can be described by a series of such
lines, often called “isochrones” since each line
depicts the cardiac wavefront by joining all
sites undergoing excitation simultaneously. In
figure 7-8, it is assumed that a large wavefront
of excitation is progressing through the left
ventricular wall at the same time that a smaller
wavefront is continuing excitation through the
right ventricular wall.

Potential values measured ahead of the ad-
vancing wavefronts are usually positive, while
those electrodes behind excitation waves are
usually negative. These polarities are indicated
by + and — signs around the borders of the
figure. (Caution is necessary in estimating the
potentials, however, both because the real ex-
citation waves would be extending in all three
dimensions and because of the fact that the po-
tential at each site will be affected by both
wavefronts.) Potentials measured on the epicar-
dial surface of the heart have peak magnitudes
ranging from a few millivolts to tens of milli-
volts.

Substantial advantages are associated with
picturing cardiac excitation in terms of poten-
tials. Among these is that information is
gained from all recording sites during all
phases of the cardiac cycle rather than being
limited only to one moment of excitation. Po-
tential distributions thereby are suitable for de-
scribing electrical events of repolarization, and
the overlap of repolarization events with pre-
ceding excitation events. Moreover, they pro-
vide a means to measure the electrical events
that occur when the cardiac muscle is abnormal
and therefore not undergoing rapid and com-
plete depolarization.

MATHEMATICAL MODELS RELATING CARDIAC
TO BODY SURFACE POTENTIALS

If events in the heart are described in terms of
cardiac potentials, their relationship with volt-
ages recorded at points in the volume conduc-
tor or on the body surface can be specified
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mathematically with moderate accuracy. Miller
and Geselowitz [26] have developed computer
models that work directly from intracellular
potentials. Other calculations may be based on
equation 7.3, an integral equation relatmg po-
tentials at an observation point ¢° to the po-
tential distributions existing on a closed surface
around the heart, around the lungs, and around
the body surface.
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Figure 7-9 shows each of these boundaries
schematically. The point of observation, 4, is
drawn at the boundary of surface S, which
represents the body surface. The cardiac electri-
cal sources are contained within boundary Sy.
It is assumed that bounding surfaces S; can be
drawn around “lungs” and separate uniform re-
gions of different conductivity inside and out-
side the boundaries. Potentials on the heart,
lung, and body surfaces are designated by by,
¢, and &g, respectively. The conductivity
within lung regions, muscle regions, and at the
observer’s position are indicated by symbols
Oy, O, and 0. Lines drawn from the position
of the observer to points on the heart, lung, or
body surface are designated as ry, 7, or g, re-
spectively.

Active Cardiac Sources. Inspection of equation
7.3 shows how different quantities affect the
potential at the observer’s position 4. The first
two integrals of equation 7.3 are over surface
Su, surrounding the active cardiac sources.
These two integrations are influenced by the
potentials on surface Sy, by, the gradients of
potential on this surface (related to the current
flow through the bounding surface), Vdy, and
by the distance ry from the observer’s location
to each segment of the heart surface. Integra-
tions are required since the potential for a sin-

b Ty

FIGURE 7-9. Schematic cross section of the torso identi-
fying boundaries between major regions (see eq. 7.3 and
compare with fig. 7—4): S, body surface-to-air boundary;
Sy, surrounds the active sources within the heart; S;, sur-
rounds the lungs. As an approximation, tissue within
each region is assumed to have uniform electrical proper-
ties.

gle point on the surface of the torso is influ-
enced by the potential distribution around the
entire heart. Greater weight is given to poten-
tials on Sy nearer position 4, i.e., the integrals
include a division by distance 7.

Inbomogeneities such as the Lungs. The third in-
tegral is over the boundary separating the re-
gion of lung conductivity from the region of
muscle conductivity. Notice that this integral
has an influence on the value computed at the
body surface position 4, even though position &
is not on or within the lungs, and even though
the electrical sources that are active are con-
tained entirely within Sy.

Body Surface Effects. Finally, the fourth inte-
gral is over the surface of the body. That this
integral is needed indicates that the size and
shape of the entire body-to-air boundary has an
effect on the potential measured at any partic-
ular point on the body surface.

Computer Models.  Although the integral oper-
ations of equation 7.3 are too complicated to
be performed manually, especially in view of
the irregular geometric shapes of all the struc-
tures involved, a number of studies that have
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involved computer models have performed such
calculations. In general such calculations re-
quire approximating the integrations as numer-
ical summations, and approximating the poten-
tial distribution with a set of potential values
for particular points on the surface under con-
sideration.

Among the major results of such calculations
have been the demonstration of the following
points [27}: First, measured epicardial poten-
tial distributions may be used to calculate body
surface potentials, based on the concepts of
equation 7.3. If the calculated potentials are
compared to potentials measured from the body
surface, the same qualitative sequence of events
is observed. Second, first-order quantitative ap-
proximation of computed with measured body
surface potentials is achieved if (but only if) the
effects of the body surface are included. Third,
systematic quantitative discrepancies are ob-
served between computed and measured body
surface potentials if the calculation assumes a
uniform homogeneous volume conductor of the
correct size and shape. These discrepancies
should diminish if internal inhomogeneities
such as the lung boundary were incorporated
[28], although conclusive simulations are yet
to be performed. The interaction of the effects
between lung and skeletal muscle may be es-
pecially important.

Comparison with Dipole Model. Some idea of
the vastly different models used in evaluating
the relationship between cardiac and body sur-
face electrical events can be gained by compat-
ison of figure 7—7 with figure 7-9 or compari-
son of equation 7.2 with equation 7.3. In the
former case, a simple model, easily grasped in-
tuitively, is satisfactory for separating the con-
cept of changes in cardiac electrical events from
changes in the way these are observed depend-
ing of the observer’s site on the body surface.
The simple model provides a way of bringing
unity to the mass of body surface observations.
However, it is insufficient to describe the body
surface observations quantitatively, and grossly
inaccurate in terms of its ability to describe
electrical events within the heart occurring at
multiple sites. Further, it assumes an unrealis-
tically simple volume conductor.

In contrast, the model and mathetmatics of
equation 7.3 are more realistic. Complex car-
diac electrical events are allowed. Complex vol-
ume conductor properties can be taken into ac-
count, at least in principle. Further, a close
association exists between what is described
mathematically in the model and physically
real, measurable quantities. However, a limi-
tation of the more complicated model is that
the increased complexity makes its manual or
intuitive evaluation difficult; computer simu-
lation methods must be used to cope with these
complexities. Moreover, although equation 7.3
is more complicated than equation 7.2, it
nonetheless incorporates numerous simplifying
assumptions relative to actual hearts and vol-
ume conductors. For example, it assumes a
simple boundary can be drawn separating uni-
form “lung” regions from uniform “muscle” re-
gions.

Interpretation of Electrocardiograms

Determining cardiac electrical events from
measurements on the body surface is called the
“inverse problem” of electrocardiography.

OBJECTIVES AND FUNDAMENTAL LIMITATIONS
Characteristics of cardiac excitation are deduced
from electrocardiograms for widely differing
purposes: electrocardiograms are used to moni-
tor normal cardiac function (astronauts), to de-
tect and classify arrhythmias over periods of
hours or days (arrthythmia monitors), to detect
coronary atherosclerotic heart disease (electro-
cardiograms during exercise), as a means of
classifying other types of heart disease, not nec-
essarily of primarily electrophysiologic origin
(the analysis of waveforms of resting ECGs),
and to predict values of measurable cardiac
electrical events within the heart, for research
and clinical purposes (such as surgical treat-
ment for WPW syndrome). As might be ex-
pected, the basis and specific procedures used
in each different case vary markedly.

It may not be the case that “there are almost
as many interpretations as there are electrocar-
diologists,” as Meiler said {29}, but there are
certainly basic difficulties associated with elec-
trocardiographic interpretation. The most basic
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is that “while knowledge of the bioelectric
sources, body shape, and conductivities speci-
fies uniquely (at least in principle) the surface
potentials, the reverse is not true . . .” {30].
This physical limitation means that the cardiac
electrical sources generating electrocardiograms
cannot be deduced from the electrocardiograms
alone, even in principle. Instead, the electro-
cardiograms must be used with other informa-
tion that limits the range of interpretations al-
lowed. This other information may be a
physical model of cardiac electrical sources, a
collection of previously recorded electrocardio-
grams from patients with independently docu-
mented cardiac status, or information in some
other form.

This fundamental difficulty is compounded
by a related one: the theory of electrical current
flow makes clear that as an observer moves
away from any group of electrical sources, the
pattern of electrical changes seen by moving
around the sources becomes smoother. In elec-
trocardiography, the consequence of this phe-
nomenon is that different sequences of excita-
tion producing distinctly different potentials
on the epicardium might produce very similar
potentials on the body surface, where, because
of the noise present in the measurements, they
could not be distinguished. (In multiple dipole
heart models, for example, confusion for this
reason of right ventricular with septal excita-
tion has been reported.)

TYPES OF STATEMENTS
A variety of statements, fundamentally differ-
ent in character, are called “interpretations” of
electrocardiograms. Some statements simply
identify features of the recorded electrocardio-
gram, such as identification of P or QRS com-
plexes. Other statements give numerical values
that are derived directly from the recorded
data, for example, the interval between the P
wave and QRS complex, QRS duration, etc.
Still other statements are inferences about
the cardiac electrical sources probably causing
the observed body surface electrical phenom-
ena. Such statements involve a formal or infor-
mal model of the relationship between cardiac
and body surface electrical events. Finally,
there are statements associating new electrocar-

diograms with physiologic changes or types of
heart disease. The underlying changes may or
may not be primarily electrophysiologic but are
hypothesized to lead to changes in cardiac elec-
trophysiology; these electrophysiologic changes
then cause changes in the electrocardiogram.
For example, acute hyperkalemia is associated
with electrocardiographic changes {31]. When
changes in the ECG are associated with such
underlying causes, considerable inference is re-
quired.

Recognizing that interpretations are made
with different types of statements is significant
particularly in relation to judging the validity
of the interpretation. More specifically, the va-
lidity of statements of the first two kinds may
be easily established, whereas the validity of
statements about the electrical events within
the heart or physiologic changes causing them
may be very difficult to establish except from
indirect evidence.

STATISTICAL CLASSIFICATION

The most widespread basis for the interpreta-
tion of electrocardiograms is systematic com-
parison of new recordings with collections of
recordings previously obtained from popula-
tions of subjects with different kinds of heart
disease. Such classification may be by means of
a formal statistical procedure, or it may be a
more informal process taking place in the mind
of an experienced electrocardiographer. In ei-
ther case, the reference population must be
large enough that natural variability from in-
dividual to individual is observed, as empha-
sized by Pipberger {32] and others. Further-
more, objective, independent documentation of
the classification of the reference population is
required. That is, patients said to have “right
bundle branch block” must be so classified by
some means other than the electrocardiogram
showing a “right bundle branch block pat-
tern.” The process of statistical classification
has now become widely accomplished by means
of computer programs, often offered commer-
cially. (The IBM-Bonner program is a well-
known example.) In general, the objectives of
such programs are to accomplish rapidly and
systematically an interpretation that would be
the same as that given by a knowledgeable and
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experienced individual. That is, the programs
are not intended to bring to bear any funda-
mentally different principles of inrerpretation.

Statistical classification of ECGs usually is
affected, either explicitly or implicitly, by the
a priori probabilities of different outcomes.
These values state that probability, prior to the
time the ECG is recorded, of the “correct di-
agnosis” being in each one of the possible cat-
egories allowed as an outcome. A priori proba-
bilities vary depending on the context: they are
different for ECGs taken at random from the
population as a whole than for ECGs recorded
in the emergency room of a hospital; both are
different than for a pediatric cardiology clinic.
The way in which a priori probabilities are
used, and how their values should be obtained
has been a source of controversy.

PHYSICAL AND PHYSIOLOGIC ANALYSIS

ECGs may be analyzed based on an understand-
ing of the electrical relationships that exist be-
tween cardiac electrical events and the ECGs
measured on the body surface, taking into ac-
count the restricted scope of electrical events
allowed by the nature of cardiac electrophysi-
ology. There are several ways in which such
interpretation is accomplished, often associated
with a particular way of displaying body sut-
face measurements.

Waveforms. ECG traces of voltage versus time
are particularly useful for detecting and classi-
fying temporal features of cardiac electrical
events. The identification of deflections arising
from ventricular excitation (QRS complexes) is
relatively straightforward. Using this informa-
tion alone, many cardiac arrhythmias can be
detected and classified.

Interpretation of the source of each compo-
nent of the deflections within a voltage-versus-
time trace is not as easily accomplished. In part
this is because electrical sources anywhere in
the heart contribute to the voltage recorded on
a single body surface trace. That is, there is no
simple subdivision of the site of electrical activ-
ity within the heart as the source of events seen
on a particular body surface tracing. (The sub-
ject of careful interpretation of electrocardio-
graphic waveforms, particularly in a clinical

context, is one about which there is an exten-
sive literature in both journal and textbook
form, and whose consideration is beyond the
scope of this chapter.)

Vectorcardiograms. The conceptual basis of vec-
torcardiography is the use of a single dipole
current source to represent cardiac electrical ac-
tivity (fig. 7-6 and eq. 7.2). The dipole cur-
rent source is thought of as “equivalent” to the
real cardiac sources in the sense that such a di-
pole current source would produce potentials
on the body surface approximating those poten-
tials actually observed. The strength of vector-
cardiography is the use of body surface infor-
mation to determine and present explicitly
information about the aggregate spatial orien-
tation (and the changes in spatial orientation)
of cardiac electrical events. (Such spatial infor-
mation is not directly presented by waveforms
of voltage versus time.) However, since electri-
cal excitation and repolarization are phenomena
that are spatially distributed throughout the
electrically active tissue of the atria and ventri-
cles, the single dipole current source is not
“equivalent” as far as corresponding to the ac-
tual cardiac sources of electrical activity.

Vectorcardiographic lead systems measure
and portray cardiac electrical activity in terms
of geometric coordinates, e.g., along x, y, and
z axes. Figure 7-10 shows a drawing of a vec-
torcardiographic origin, O, within an oval rep-
resenting a horizontal cross section of the torso.
At times T}, T,, and T, the equivalent dipole
representation of the cardiac sources is repre-
sented by the three vectors P. The locus of the
tips of the vectors forms a loop in the horizon-
tal plane that is the vectorcardiogram in that
plane. Often two or three vector loops are pre-
sented to show the trajectory of the equivalent
dipole in all three geometric planes. Other sys-
tems for displaying vectorcardiographic infor-
mation, such as polarcardiograms, also have re-
ceived careful attention.

An important theoretical basis for vectorcar-
diography is the Gabor—Nelson equations {33},
which show how to compute the x, y, and z
components from body surface information,
without knowledge of the site of the vector’s
position within the volume conductor.
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Single Moving Dipole.  Another type of physical
inverse has emphasized those time instants
when electrical activity is thought to be con-
centrated at one site. These models also have
made use of a single dipole to represent cardiac
events, but the dipole location also has been
determined. The location chosen is the location
that allows the dipole to best fit the measured
body surface events, often using the multipole
shift equations of Geselowitz {34]. These equa-
tions describe how to find the location within
the volume conductor where a dipole might be
located to account for the largest portion of the
body source information. A comparison then
can be made of the site computed for the loca-
tion of the dipole, and independently measured
sites of cardiac electrical activity. For example,
the site of the dipole in early excitation can be
compared to the site of earliest excitation as
measured by epicardial or plunge electrodes
[35, 36]. This strategy is oriented toward a rel-
atively limited class of cardiac events, those
that are concentrated spatially, and thereby is
not generally applicable to much of either nor-
mal or abnormal cardiac excitation and depolar-
ization sequences.

Potential Distributions and Body Surface Maps.
A complete description of cardiac electrical
events on the body surface may take the form
of a series of potential distributions (often
called “surface maps”). Each potential distri-
bution (“map”) shows the voltage as a function
of position over the complete body surface, in
concept, and over the chest and back in most
real maps. For example, figure 7—11 shows
how a surface map taken about 25 ms from the
beginning of QRS might appear. The left two-
thirds of the map portray the chest, and the
right one-third the back. The lines connect
points of equal voltage. The solid lines indicate
voltages that are positive with respect to Wil-
son’s central, and the dashed lines indicate neg-
ative voltages. At the moment shown, voltages
over the right upper chest are negative, while
those over the left chest and around the lower
torso are positive. Maps for each of a series of
times throughout the cardiac cycle must be
present.

FIGURE 7-10. Idealized vectorcardiographic loop (hori-
zontal plane). Three vectors are drawn from origin O for
times T, T,, and T;. Each vector represents the equiva-
lent dipole p for that time, as projected into the x-z plane.
Joining the tips of these vectors plots a loop (the vector-
cardiogram). The surrounding oval represents the body
surface.

i @—1 3mV ®+|2m\a'

FIGURE 7-11. A body surface potential distribution (sur-
face map). The left two-thirds of the map portrays the
chest, the right one-third the back. The pattern of poten-
tials is drawn for one time instant, identified by the ver-
tical bar through the QRS portion of the reference trace
below the figure. Solid lines are isopotential contours for
the positive potentials (dashed for negative). The line for
zero potential (same as Wilson’s central terminal) is em-
phasized. The values of the highest and lowest voltages
observed at this time are written below the map, and the
positions of the maximum and minimum are indicated by
the large + and — signs. As a gross approximation, the
map can be understood by assuming that negative poten-
tial regions overlie regions of the ventricles that already
have completed activation, while positive potentials over-
lie regions undergoing activation.
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For the most part, collection and display of
body surface electrocardiographic information
in this form was too complicated to be achieved
by manual methods, except with lengthy,
painstaking procedures {37]. Therefore, devel-
opment has occurred concurrently with the de-
velopment of digital computer methods for
storing, processing, and displaying this infor-
mation {38].

Several significant advantages are associated
with interpreting cardiac electrical activity
from complete potential distributions. The first
is the assurance that no significant data that
might have been obtained from body surface
measurements at other sites simply have been
overlooked. The second is that inspection of
the full potential distribution lends itself to an
intuitive correlation between the pattern of po-
tentials as observed on the body surface and the
pattern of potentials that might be observed on
the epicardium, or the pattern of cutrent flow
that might exist within the cardiac muscle and
volume conductor. No reduction to an elemen-
tary model, such as that of a single dipole, is
required. Thereby, maps lend themselves nat-
urally to interpretations of regional cardiac
electrical events distributed throughout the
heart as they actually are. For example, in fig-
ure 7—11 the negative potentials overlying the
right ventricular epicardium and the positive
potentials overlying the left ventricular epicar-
dium suggest that at the moment shown much
of excitation of the right ventricle is complete,
while left ventricular excitation is continuing.

Because obtaining complete potential distri-
butions does require relatively elaborate equip-
ment, it appears unlikely that such recordings
will displace traditional methods for routine
use. However, systems for map recording are
now readily achieved with standard items of
laboratory recording and computing equip-
ment, so that the acquisition and display of po-
tential maps is a straightforward technical pro-
cess.

Substantial theoretical advantages are associ-
ated with using potential distributions to esti-
mate cardiac electrical events based on the
physical principles of electrical current flow
through the volume conductor. For example,

evaluation of equation 7.3 requires an integra-
tion over the body surface; performing the in-
tegration requires knowing the potential distri-
bution everywhere. Just as significantly, the
fundamental difficulties of estimating cardiac
events from body surface measurement, and the
fact that large changes within the heart may
produce only small changes on the body sur-
face, mean that the additional measured infor-
mation gained from the full body surface po-
tential distribution (as compared to the
information in a vectorcardiogram or in the
standard leads) may make an important quan-
titative difference in estimating cardiac poten-
tials.

Body surface maps have been used to predict
cardiac electrical events with several kinds of
physical models of the heart. For example,
Holt and co-workers performed inverse calcu-
lations using a multiple dipole model of the
heart {39]. In that model, a number of dipoles
were used to represent different regions of ven-
tricular muscle. Activities were computed for
each dipole as a function of time, and were in-
terpreted as representing the electrical activity
of a given portion of the muscle. Time inte-
grals of the activity of each vector were used to
evaluate the electrical activity near each dipole.
For example, one test was to determine
whether hypertrophy was present in that car-
diac muscle region. Since the dipoles represent-
ing each muscle segment are not directly mea-
surable entities, it remains difficult to verify
the validity of the calculations through animal
experiments.

Other mathematical procedures have been
used to estimate the actual epicardial potential
distributions from those on the body surface
[40]. The epicardial potential distributions
then were compared to potential distributions
measured from the epicardial surface by means
of implanted electrodes. The estimated poten-
tial distributions were found to be similar to
those measured, in major features. Changes in
the sequence of excitation produced by pacing
the heart at different stimulus sites were easily
recognized. However, the estimated and mea-
sured potential distributions differed in many
important secondary features. In part these dif-
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ferences must reflect the simplified basis for the
results reported. For example, the calculations
made use of simplified models of the volume
conductor, assumed to be uniform and iso-
tropic. At present, the degree to which quan-
titative estimates of cardiac epicardial events
might be improved were better physical models
to be used remains unknown.

Summary

The number of electrocardiograms recorded
each year probably exceeds 50,000,000. Elec-
trocardiographic waveforms have become so
easily and widely measured, and their use so
routine, that their very familiarity leads one to
believe that their interpretation in terms of car-
diac electrical events must have been fully and
completely established long ago.

Such is far from true. While many relation-
ships of fundamental importance have been de-
duced between body surface and cardiac electri-
cal events, a marked lack of understanding of
many aspects of body surface electrical events
remains. In part, this limitation exists because
of the remarkably small amount of experimen-
tal data recorded and reported about the elec-
trical activity of the total heart. Particularly
this limitation pertains to electrical events
within the ventricular walls, not easily accessi-
ble to electrodes without significant tissue
damage, and to human hearts, and in the pres-
ence of cardiac abnormalities. It is to be ex-
pected that an increasing understanding of cat-
diac electrical events will come about as newer
and more extensive measurements are obtained
of what happens, exactly, during such events as
cardiac arrhythmias. Coupled with better mod-
els for current flow within the complex human
volume conductor, this understanding may
change altogether the way that body surface
electrocardiograms are interpreted in terms of
the events of cardiac excitation and repolariza-
tion.
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8. THE SLOW ACTION POTENTIAL AND
PROPERTIES OF THE MYOCARDIAL
SLOW CHANNELS

Nicholas Sperelakis

Slow Channels and Their Role
inCa " Entry

Hormones and neurotransmitters play an im-
portant role in regulating the force of contrac-
tion of the heart. The force of contraction of
the heart is controlled by the Ca** influx across
the cell membrane during the action potential
(AP) in the process of excitation—contraction
coupling (fig. 8—1). This Ca’" influx occurs
through the voltage-dependent and time-de-
pendent gated slow channels of the cell mem-
brane. This chapter briefly reviews and sum-
marizes some of the important properties of the
myocardial slow channels, particularly their de-
pendence on metabolism and their regulation
by cyclic AMP. In addition, the slow action
potentials and their possible role in cardiac ar-
rhythmias will be briefly discussed.

Besides the slow channels, there are other
types of voltage-dependent channels, including
fast Na* channels and several types of K*
channels. In addition, there are at least two
types of voltage-independent Ca’*-operated
channels, one selective for K™ (gk(ca) and one
mixed Na/K (gna.. ko). Each type of ionic
channel is a specific protein that floats in the
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lipid bilayer matrix of the cell membrane (fig.
8-2). Each channel has a water-filled central
pore for ion passage. A cation passing through
its ion-selective channel probably binds to two
or three negatively charged sites on its journey
through the channel down its electrochemical
(electrical plus concentration) gradient. The
voltage-dependent fast Na* channels and slow
channels have a central activation (A, m or d)
gate and an inactivation (I, 4 or f) gate at the
inner surface of the membrane (fig. 8-3).

Compared to the fast Na® channels, the
slow channels are kinetically slower, i.e., they
behave as if their gates open, close, and recover
more slowly. In addition, the slow-channel
gates operate over a less-negative (more-depo-
larized) voltage range, i.e., their threshold po-
tential and the inactivation voltage range are
higher (less negative) (fig. 8—4). These two
types of channels for carrying inward (depolar-
izing) current also are blocked by different
drugs: tetrodotoxin (TTX) blocks fast Na®
channels (by binding to the outer mouth of the
channel and acting as a physical plug), but
does not affect the slow channels; in contrast,
calcium-antagonistic drugs, such as verapamil,
nifedipine, and diltiazem, block the slow chan-
nels with relatively little or no effect on the fast
Na™ channels.

There are three types of slow channels with
respect to ion selectivity: Ca’", Na*, and Ca-
Na (fig. 8-5). The Ca-Na type allows both
Ca’" ions and Na™ ions to pass through, per-
haps with competition between them. An ex-
ample of a Ca-Na slow channel is in ventricular

159
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Excitation-Contraction Coupling in Myocardial Celis

ca” influx

Depolarization ——p Is| Slow Channels
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ca,
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FIGURE 8-1. Summary diagram for excitation—contrac-
tion coupling in myocardial cells. Ca’* influx during ex-
citation occurs through the voltage-dependent and time-
dependent gated slow channels. This entering Ca’* helps
to raise the myoplasmic Ca®" concentration ({Ca}) to the
level necessary to activate the contractile proteins (e.g.,
107> M), and acts to bring about the release of additional

a’" from the SR by the mechanism of Fabiato and Fa-
biato {53].

Receptor

il 0 i
Sﬁé B8 Jﬁm MI’

Adenylate -
(Na, K)-ATPase Cyclase Channel
Protein

FIGURE 8-2. Diagrammatic illustration of the Singer—Ni-
colson model for the cell membrane as a lipid bilayer with
proteins floating in the bilayer. Some protein molecules
are inserted in only one leaflet of the bilayer, such as the
autonomic receptors on the external surface and the ade-
nylate cyclase complex on the inner surface. Some large
protein molecules protrude through the entire thickness
of the membrane, such as the ion channel proteins. Re-
drawn from Sperelakis [58].
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The Three States of the Slow Channel
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FIGURE 8-3. Cartoon model for the three hypothetical
states of a slow channel, patterned after the Hodgkin—
Huxley states for the fast Na* channel. In the resting
state, the 4(m) gate is closed and the f{h) gate is open
(d=0, f=1). Depolarization to the threshold activates the
slow channel to the active state, the 4 gate opening rap-
idly and the f fate still being open (d=1; f=1). The
activated channel spontaneously inactivates to the inactive
state due to closure of the f gate (4= 1; f/=0). The recov-
ery process upon repolarization returns the channel from
the inactive state back to the resting state, which is again
available for reactivation. Ca’* ion is depicted as being
bound to the outer mouth of the channel and poised for
entry down its electrochemical gradient when both gates
are in the open position (active state of channel). Also
depicted is the possible binding of verapamil to the outer
mouth of the slow channel (solid circle) in the active state
or inactive state, and thereby either blocking the activated
channel or slowing the recovery process for converting
from the inactive state back to the resting state. Modified
from Sperelakis {2}.

myocardial cells of adult guinea pig and
chicken {1}. An example of a pure Ca-selective
slow channel is found in arterial vascular
smooth muscle (VSM) cells {2} or in guinea pig
atrial cells {3]. An example of a nearly pure
Na-selective slow channel is found in young
(two- to three-day-old) embryonic chick hearts
[4}. Since verapamil and D-600 (methoxy de-
rivative of verapamil) block all three types of
slow channels, such calcium-antagonistic drugs
are more appropriately called “slow-channel
blockers”. Because Ca’” ion entry into the car-
diac cell during excitation is through the Ca or

Ca-Na slow channels, the Ca antagonists are of-
ten called “calcium-entry blockers”. Since
Ca’" influx into the cell controls the force of
contraction, the calcium-antagonistic drugs
partly or completely uncouple contraction from
excitation. Slow channels are also found in no-
dal cells (SA and AV) and Purkinje fibers, as
well as in working myocardial cells.

It was shown by Lee and Tsien {5}, in volt-
age-clamp experiments on internally dialyzed
isolated single adult heart cells (from guinea
pig ventricle), that a reversal of the Ca slow-
channel current occurs at large depolarizing
clamps, and that the outward current is carried
by K* ion through the slow channel. (An out-
ward movement of Cs* can also occur through
the slow channels.) D-600 blocked the current
flow in either direction. This latter point must
be remembered when considering all the ac-
tions of the calcium-antagonistic drugs.

Action of Neurotransmitters, Hormones,
and Positive Inotropic Agents

A number of positive inotropic agents exert an
effect to increase the number of available slow
channels in the myocardial cell membrane.
This action may be the predominant explana-
tion for their increase in cardiac contractility,
since the amount of Ca’" ion entering the cell
through the slow channels controls the force of
contraction. The Ca’" entering directly ele-
vates [Ca}; (which activates the myofilaments)
and indirectly elevates {Cal; further by releas-
ing Ca’" from the intracellular sarcoplasmic
reticulum (SR) stores. For example, the Ca’*
that entered the cell could bring about the re-
lease of more Ca>" by the Ca-trigger-Ca release
hypothesis of Fabiato and Fabiato {6}. Blockade
of the slow channels, and hence Ca'" influx,
by Ca’* -antagonistic agents (such as verapa-
mil, nifedipine, diltiazem, Mn’*, Co**, and
La®h) depresses or abolishes the contractions
without greatly affecting the normal fast AP,
i.e., contraction is uncoupled from excitation.
The positive inotropic agents that affect the
number of available slow channels include:
beta-adrenergic receptor agonists (such as iso-
proterenol and norepinephrine), histamine (H,
receptor), and methylxanthines (such as caf-
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feine, theophylline, and methylisobutylxan-
thine). The action of these agents is very rapid,
the peak effect often occurring within 1-3
min. The effect of the catecholamines is
blocked by beta-adrenergic blocking agents,
and the effect of histamine is blocked by H,-
receptor blocking agents (but not by H,-recep-
tor antagonists [71). The addition of exogenous
dibutyryl cyclic AMP exerts a similar effect,
but relatively slowly, the peak effect occurring
in 15-30 min {8}. Angiotensin II also stimu-
lates the myocardial slow channels {9].

It was recently demonstrated by Reuter et
al. {10} that, in patch-clamp experiments on
single Ca’* slow channels of cultured neonatal
rat heart cells, isoproterenol lengthened the
mean open time of the channel and decreased
the intervals between bursts (clustering of
channel open states); the conductance of the
single channel was not increased by isoproter-
enol. Therefore, the increase in the total maxi-
mal slow conductance (g;;) produced by isopro-
terenol could be produced by the observed
increase in mean open time of each channel as
well as by an increase in number of channels
participating in the conductance on a stochastic
basis.

Setup of the Slow Action Potentials

One method of detecting the effect of agents
on the slow channels is to first block the fast
Na™ channels and excitability by tetrodotoxin
(TTX) or to voltage inactivate them by par-
tially depolarizing the cells (e.g., to -40 mV)
in elevated {Kl, (e.g., 25 mM). Then, addition
of agents, such as catecholamines, which rap-
idly increase the number of slow channels avail-
able for activation upon stimulation, causes the
appearance of slowly rising overshooting APs
(the “slow responses”), which resemble the pla-
teau component of the normal fast AP {3, 8}
(fig. 8-6). Both Ca’* and Na® inward cur-
rents participate in the slow APs (fig. 8-7),
and they are accompanied by contractions that
are nearly as large as the normal contractions
[11]. The slow APs are blocked by agents
which block inward slow current, including
Mn?*, La®", verapamil, D-600, nifedipine,
and diltiazem {11, 12].
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FIGURE 8-4. Graphic representation of differences in be-
havior, with respect to voltage inactivation, of the fast
Na* channels and slow (Na* and Ca®*) channels. Maxi-
mal rates of rise of the action potential (+ V) as a func-
tion of resting E,, for the normal cardiac action potential
(dependent on inward current through the fast Na™ chan-
nels) and for the slow action potential (dependent on in-
ward current through the slow channels) elicited in cells
whose fast Na™ channels are blocked (by TTX or by de-
polarization to about —45 mV). +V,_,, is a measure of
the inward current intensity (everything else, such as
membrane capacitance, held constant), which in turn is
dependent on the number of channels available for acti-
vation. From Sperelakis {58}].

Special Properties of the Myocardial
Slow Channels

CYCLIC-AMP DEPENDENCE

Cyclic AMP is somehow involved with func-
tioning of the slow channels (table 8—1) {8, 11,
13-15}. The first evidence for this was pro-
vided in 1972 by Shigenobu and Sperelakis {8}
and by Tsien et al. {16}. Histamine and beta-
adrenergic agonists, subsequent to binding to
their specific receptors, lead to rapid stimula-
tion of adenylate cyclase with resultant eleva-
tion of cyclic-:AMP levels. The methylxan-
thines enter into the myocardial cells and
inhibit phosphodiesterase, the enzyme that de-
stroys cyclic AMP, thus causing an elevation of
cyclic AMP. These positive inotropic agents
also rapidly induce the slow APs, along a pat-
allel time course, presumably by making more
slow channels available in the membrane and/
or by increasing their mean open time. Dibu-
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FIGURE 8-5. (A—E) Electrical equivalent circuits for a myocardial cell membrane at rest. (C) Electrical equivalent circuit
for a myocardial cell membrane during excitation. (A) Membrane as a parallel resistance—capacitance network, the
membrane resistance (R,,) being in parallel with the membrane capacitance (C,). Resting potential (E,,) is represented
by an 80-mV battery in series with the membrane resistance. (B) Membrane resistance is divided into its four component
parts, one for each of the four major ions of importance: K*, C1”, Na™, and Ca®*. These represent totally separate and
independent pathways for permeation of each ion through the resting membrane. Equilibrium potential for each ion
(e.g., Eg), determined solely by the ion distribution in the steady state and calculated from the Nernst equation, is
shown in series with the conductance path for that ion. Resting potential of —80 mV is determined by the equilibrium
potentials and by the relative conductances. (C) Equivalent circuit is further expanded to illustrate that for the voltage-
dependent conductances there are at least two separate K*-conductance pathways (labeled here g& and gk). Arrowheads
in series with the K™ conductances represent rectifiers, the arrowheads pointing in the direction of least resistance to
current flow. There are two separate Na*-conductance pathways, one a kinetically fast Na* conductance (gk,) and the
other a kinetically slow Na* conductance (gk,). In addition, there is a nonspecific kinetically slow pathway that allows
both Na* and Ca’" to pass through, perhaps by competition with each other. Ca’*-selective pathway (g&,) is also
kinetically slow. Arrows drawn through the resistors represent that the conductances are variable, depending on mem-
brane potential (and time). From Sperelakis {58].
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CATECHOLAMINES
METHYLXANTHINES
HISTAMINE
ANGIOTENSIN
cCAMP

FIGURE 8-6. Characterization of the slow AP responses induced by catecholamines, methylxanthines, histamine, angio-
tensin II, or cyclic adenosine monophosphate ((AMP) in isolated perfused guinea pig hearts. The fast Na™ channels were
inactivated in elevated K* . (Upper tracings) Intracellular potentials (V versus #) recorded from myocardial cells of the
ventricular wall. (Lower tracmgs) The first time derivative of the action potential (dV/d#); the peak upward deflection of
dV/dt gives the maximal rate of rise of the action potential (V... The lower records in each panel are the contractions
recorded on a penwriter at a slow speed. (A) The normal fast action potential (2.7 mM K* —Ringer perfusate) (B)
Perfusion with 27 mM K*-Ringer solution depolarized the cells to —40 mV and inactivated the fast Na* channels;
the heart was unresponswe to stimulation tenfold greater than the normal threshold. (C) Isoproterenol (10”7 M), caffeine
(3 mM), histamine (10~ M), and angiotensin II (1077 M) rapidly restored electrical activity in the form of a slow AP
response (V... of 15 V/s), peak effect being attained within 1-3 min. Dibutyryl cAMP (10™* M) slowly induced the
slow APs with accompanying contractions, the peak effect occurring within 15-30 min. Contractions were always
associated with these slow APs. Modified from Schneider and Sperelakis {55}.
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FIGURE 8-7. Demonstration of the dependence of the
slow APs of guinea pig ventricular myocardium on {Ca],
and on {Na],. The fast Na* channels were voltage inac-
tivated by perfusing the heart with 27 mM K*—Ringer
solution and slow APs were induced by isoproterenol
(107¢ M). (A—C) Variation in {Ca},, with [Nal, held con-
stant at 140 mM. Elevation of {Cal, from 1 mM (A) to
2mM (B) to 8 mM (C) increased the overshoot and max-
imal rate of rise (V,,,) of the slow APs. (D—F) Variation
in [Na},, with [Ca], held constant at 2 mM. Lowering of
{Na}, from 140 mM (F) to 110 mM (E) to 70 mM (D)
decreased the amplitude and V,,, of the slow APs. Lower
trace in each panel is dV/ds, the peak excursion of which
gives V... From Schneider and Sperelakis {55}.

tyryl cyclic AMP also induces the slow APs af-
ter a long lag period of 1530 min (fig. 8-8),
as expected from either slow penetration
through the membrane or from slow elevation
of intracellular cyclic AMP.

Several tests of the cyclic-:AMP hypothesis
were done. Josephson and Sperelakis {17}

showed that a GTP analogue (5 -guanylimi-
dodiphosphate [GPP(NH)P}, 107°-10"° M)
that directly activates adenylate cyclase induced
the slow APs in cultured reaggregates of chick
heart cells within 5-20 min (fig. 8-9).
GPP(NH)P binds to the GTP site on the reg-
ulatory component of the adenylate cyclase
complex, but cannot be hydrolyzed by the
GTPase activity of the enzyme, and so causes
an irreversible activation of adenylate cyclase
and elevation of cyclic AMP. Forskolin, a
highly potent activator of adenylate cyclase ac-
tivity, was shown to be a strong positive ino-
tropic agent in isolated guinea pig atrial mus-
cle [18].

Vogel and Sperelakis {19} demonstrated that
cyclic AMP iontophoretically microinjected in-
tracellularly into dog Purkinje fibers and
guinea pig ventricular muscle induced the slow
APs in the injected cell for a transient period
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TABLE 8-1. Summary of mechanisms for the control
of Ca’* influx by myocardial cells, and hence force
of contraction of the heart; control is exerted

by altering the fraction of the slow channels

in the phosphorylated state, the dephosphorylated
channel being electrically silent

I. Extrinsic control
Usually mediated by sarcolemmal receptors and
adenylate cyclase activity
A. Autonomic nerves
1. Sympathetic nerves
Neurotransmitter: norepinephrine
2. Parasympathetic nerves
Neurotransmitter: acetylcholine
B. Circulating hormones and autacoids
1. Epinephrine and norepinephrine
2. Histamine
3. Angiotensin II
C. Drugs
1. Calcium antagonists (slow-channel blockers)
2. Beta-adrenergic receptor blockers
3. Histamine H,-receptor blockers
4. Methylxanthines
5. Cardiac glycosides
II. Intrinsic control
Usually activated by ischemia
pH dependence of slow channels
Metabolic (ATP) dependence of slow channels
Cyclic-AMP dependence of slow channels
Protection hypothesis

Cowp

of 1-2 min (fig. 8-10). A second injection of
cyclic AMP again induced a slow AP, which
again decayed within 1-2 min. The effect of
the injected cyclic AMP was immediate, i.e.,
within seconds after the injection was stopped.
The amplitude and duration of the induced
slow APs were a function of the amount of
cyclic AMP injected. Cyclic-AMP injections
potentiated (increased their rate to rise and am-
plitude) slow APs induced by theophylline.

Li and Sperelakis {20} demonstrated that
pressure injection of cyclic AMP, GPP(NH)P,
and cholera toxin into single ventricular myo-
cardial cells within guinea pig papillary mus-
cles rapidly induced and potentiated slow APs
(figs. 8-11 to 8-13). As illustrated in figure
8-11, pressure injection of cyclic AMP induced
large slow APs within 15-25 s after injection
was started. The effect persisted as long as the
pressure was applied, and the slow APs decayed
within 25 s after the injecting pressure was dis-

continued. Thus, these results confirm the data
obtained by electrophoretic injection of cyclic
AMP. Figure 8—12 illustrates that intracellular
injection of GPP(NH)P (for 5 s only) produced
a very rapid effect, i.e., large slow APs were
induced within 40-50 s, in contrast to the rel-
atively slow effect (5-20 min) of GPP(NH)P
added to the bathing medium. The induced
slow APs persisted for over 3 min after the in-
jecting pressure was stopped, indicating the
relatively long-acting effect of GPP(NH)P.
Figure 8—13 illustrates that injection of cholera
toxin rapidly potentiates an ongoing slow AP,
the effect beginning within 30 s and reaching
maximum within 3 min (during a 3-min injec-
tion period). The induced slow APs persisted
for over 4 min after the injecting pressure was
stopped, indicating the relatively long-acting
effect of cholera toxin. (Cholera toxin has an
effect on the adenylate cyclase complex that is
similar to that of GPP[NH]P, namely, there is
an irreversible activation of the regulatory com-
ponent of the enzyme, by inhibiting the hy-
drolysis of the GTP.)

These results support the hypothesis that the
intracellular level of cyclic AMP controls the
availability of the slow channels in the myocar-
dial sarcolemma (table 8—1).

METABOLIC DEPENDENCE

It was shown by Schneider and Sperelakis {1,
11, 14} that the induced slow APs are blocked
by hypoxia, ischemia, and metabolic poisons
(including cyanide, dinitrophenol, and valino-
mycin) within 5-15 min, accompanied by a
lowering of the cellular ATP level. Only one
example of the effect of metabolic interference
will be given. Figure 8—14 shows that cyanide
completely blocks the slow APs and contrac-
tions (A—C) at a time when the fast APs (D and
E) are hardly affected; however, the contrac-
tions are nearly completely abolished, i.e.,
there is uncoupling of contraction from the fast
AP. These data suggest that interference with
metabolism leads to blockade of the slow chan-
nels. The fast APs are unaffected under these
conditions, indicating that the fast Na* chan-
nels are essentially unaffected. However, the
contractions accompanying the normal fast APs
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FIGURE 8-8. Induction of slow action potentials (APs) by perfusing a guinea pig heart with solution containing dibutyryl
cyclic AMP. (A) Control condition with heart perfused with 27 mM K*—Ringer solution to depolarize the cells to
about —35 mV and thereby voltage inactivate the fast Na* channels. Propranolol (107> M) was also added to ensure
that any observed effect was not mediated through the beta-adrenergic receptors. (B and C) Addition of 10™* M db-
cAMP produced large slow APs beginning at about 15 min (B), and reaching a peak effect at about 30 min (C). From
Schneider and Sperelakis {551.
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FIGURE 8-9. GPP(NH)P induction of a slow AP response in cultured chick heart cell reaggregates in the presence of
propranolol. The preparation was paced at a rate of 1/s. All recordings are from one cell. (A) Control fast action potential
recorded in normal Tyrode solution. (B) The addition of TTX (3.1 X 10~ ¢ M) completely blocked excitability. Pro-
pranolol (10™% M) was then added to ensure that any effect observed was not due to activation of the beta-adrenergic
receptor. (C) Addition of GPP(NH)P (107> M) induced the slow APs in 15 min. (D) Addition of Mn*" (1 mM)
abolished the slow APs within 1 min. The upper traces give dV/ds. Modified from Josephson and Sperelakis [17].
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cAMP INDUCTION of SLOW ACTION POTENTIAL
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FIGURE 8-10. Cyclic-AMP induction of slow action potentials in short canine Purkinje fibers. (A) Normal fast action
potential recorded from a fiber bathed in Krebs—Henseleit solution (K]}, = 5.9 mM). (B) Elevation of [K]}, to 20 mM
depolarized the fiber to about —40 mV and abolished excitability (field stimuli of tenfold the normal threshold intensity
applied). (C—E) Induction of slow action potentials in a single fiber by cyclic-AMP injections of 200nA for 3 s (C), 7.5
s (D), and 15 s (E). The induced responses were allowed to decay completely between injections (not illustrated for C
and_ D). (F) Decay (for 1 min). At 1 min after the injection in E, the slow action potential had decreased markedly in
+ V ux and duration (first sweep) and then disappeared nearly completely (2nd sweep). Note graded effects of the cyclic-
AMP injections on the maximal upstroke velocity (+ V..., upper traces). Horizontal dashed lines give the zero potential
level. Different time calibrations in A and B—F. Preparation paced at 0.3 Hz throughout. dV/d¢ trace arbitrarily shifted
to the right, so as to not be obscured in the upstroke of the action potential. From Vogel and Sperelakis [19}.
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FIGURE 8-11. Induction of slow action potentials in guinea pig papillary muscle by intracellular pressure injection of
cyclic AMP. The muscle was depolarized in 22 mM [K], to voltage inactivate fast Na* channels. A microelectrode filled
with 0.2 M Na*-cAMP was used for both pressure injection and intracellular recording. (A) Small graded response
(stimulation rate 30/min). (B) Superimposed records showing the gradual appearance of slow action potentials upon
cyclic-AMP injection over a 25-s period. (C) Presence of stable slow action potential after injection for 1 min. (D)
Gradual decrease of slow action potentials over a period of 25 s after stopping injection. (E) Complete decay of slow
action potentials 30 s after cessation of cyclic-AMP injection. All records were obtained from one impaled cell. From Li
and Sperelakis {20].
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FIGURE 8-12. Induction of slow action potentials by intracellular injection of GPP(NH)P. (A) Small graded response
induced by electrical stimulation (30/min) in 22 mM K—Ringer. (B) Induction of slow action potentials by intracellular
injection of GPP(NH)P for 5 s. A microelectrode filled with 3 X 1072 M GPP(NH)P in 0.2 M NaCl was used for
injections and membrane potential recordings. Superimposed records show the gradual induction and enhancement of
slow action potentials. (C and D) The induced slow action potentials were stable and persisted for more than 3 min after
the injection was stopped. No slow action potentials were seen in a cell 50 wm away. Other experiments showed that
the slow action potentials induced by GPP(NH)P injection were observed for at least 7 min after the injection was
stopped. Modified from Li and Sperelakis {20].
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FIGURE 8-13. Stimulation of slow action potentials by intracellular injection of cholera toxin. (A) Slow action potential
induced by electrical stimulation (30/min) in 22 mM {Kl,. (B-D) Effect of intracellular pressure injection of cholera
toxin. A microelectrode filled with reconstituted cholera toxin (1 mg/ml) solution containing 0.2 M NaCl was used both
for intracellular injections and membrane potential recordings. An enhancement of the slow action potential occurred
within 30 s (B) of the commencement of the injection period. The amplitude and duration of the slow action potential
continued to increase during the injection as seen at 1.5 min (C), until about 3 min (D) when an apparent steady state
was reached. (E) Persistent effect of cholera toxin after cessation of injection. The slow action potential remained en-
hanced 4 min after the injection had stopped. All records were obtained from one impaled cell. From Li and Sperelakis

[20].

are depressed or abolished, indicating that con-
traction is uncoupled from excitation, as ex-
pected if the slow channels were blocked. The
slow APs blocked by valinomycin or by hy-
poxia are restored by elevation of the glucose
concentration {21}, indicating that the effect of
metabolic poisons or hypoxia is indeed me-
diated by metabolic interference. Thus, there is
a specific dependence of the slow channels on
metabolic energy.

With prolonged metabolic interference,
e.g., 60—120 min of hypoxia or cyanide, there
is a gradual shortening of the duration of the
normal fast AP, until a relatively brief spike-
like component only remains, but which is still
rapidly rising (fig. 8—14F). Thus, metabolic in-
terference exerts a second, but much slower, ef-
fect on the membrane. This effect is to increase
the kinetics of K™ conductance (gx) turnon,
thereby shortening the AP. The mechanism of
this effect could be mediated by a gradual rise

in {Ca};, which can cause an increase in the cal-
cium-activated gx (i.e., gica)-

It was shown that the unstimulated (‘“na-
tive”) and the stimulated (“induced”) myocar-
dial slow channels are similar with respect to
their blockade by metabolic poisons {22}.

PHOSPHORYLATION HYPOTHESIS

Because of the relationship between cyclic
AMP and the number of available slow chan-
nels, and because of the dependence of the
functioning of the slow channels on metabolic
energy, Shigenobu and Sperelakis {8} and Sper-
elakis and Schneider {14} postulated that a
membrane protein must be phosphorylated in
order for the slow channel to become available
for voltage activation (fig. 8—15). A similar hy-
pothesis has been proposed by Tsien and col-
leagues, Watanabe and colleagues, and Rinaldi
and colleagues {16, 23, 24}. Elevation of cyclic
AMP by a positive inotropic agent activates a
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FIGURE 8-14. Inhibition by cyanide (10~ M) of the inward Ca’* current induced by catecholamines in hearts partially
depolarized by 27 mM K* (fast Na* channels inactivated). Intracellular recordings shown in upper traces; first deriva-
tives of the action potentials are shown in the lower traces. Percent of control contractile force is numerically indicated
in each panel. (A) Control slow AP response induced by isoproterenol (1077 M). (B and C) The slow AP was depressed
at 13 min (B) and abolished by 16 min (C) following addition of KCN to the perfusate. Depression and loss of
contractions followed a parallel time course. (D) Normal fast action poteqtial in normal Ringer (2.7 mM K™*). (E) At
14 min after KCN addition. There was almost no effect on the fast AP (V,,, amplitude or duration), at a time when
the slow channels were blocked (C). However, the contractions were greatly depressed. (F) After 120 min in cyanide,
the fast APs became greatly shortened in duration, but retained fast rates of rise. Modified from Schneider and Sperelakis

[1}.

cyclic-AMP-dependent protein kinase (dimer
split into two monomers), which phosphoryl-
ates a variety of proteins in the presence of
ATP. Several myocardial membrane proteins
become phosphorylated under these conditions.

The protein that is phosphorylated might be
a protein constituent of the slow channel itself
(fig. 8-15A). The phosphorylation required to
make the slow channel functional need not be
of the channel protein itself, but of a contig-
uous regulatory type (e.g., phospholambanlike)
of protein associated with the myocardial slow
channel. For example, Rinaldi et al. {23} sug-

gested that the function of cardiac slow Ca’*
channels in isolated sarcolemmal vesicles is
modulated by a cyclic-AMP-dependent phos-
phorylation of a 23,000 mol wt sarcolemmal
protein (““calciductin”).

Phosphorylation could make the slow chan-
nel available for activation by a conformational
change that either allowed the activation gate
to be opened upon depolarization or effectively
increased the diameter of the water-filled pore
(the “selectivity filter” portion) so that Ca’™"
and Na™ could pass through. The phosphoryl-
ated form of the slow channel would be the
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Phosphorylation Hypothesis for Slow Channel
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FIGUKE 8-15. Cartoon model for a slow channel in myocardial cell membrane in two hypothetical forms: dephosphory-
lated (or electrically silent) form (/eft diagrams) and phosphorylated form (right diagrams). The two gates associated with
the channel, an activation (A, &, or m) gate and an inactivation (I, f or b) gate, are kinetically much slower than those
of the fast Na* channel. The hypothesis states that a protein constituent of the slow channel itself (part A) or a regulatory
protein associated with the slow channel (part B) must be phosphorylated in order for the channel to be in a functional
state available for voltage activation. Phosphorylation occurs by a cyclic-:AMP-dependent protein kinase in the presence
of ATP. Presumably, a serine or threonine residue in the protein becomes phosphorylated. Phosphorylation of the slow
channel protein or of an associated regulatory protein may produce a conformation change that effectively allows the
channel gates to operate or increases the diameter of the water-filled pore so that Ca®* and Na™ can pass through.

Modified from Sperelakis and Schneider {14}.

active (operational) form, and the dephosphor-
ylated form would be the inactive (inoperative)
form; that is, only the phosphorylated form
would be available to become activated upon
depolarization to threshold. The dephosphory-
lated channels would be electrically silent. An
equilibrium would probably exist between the
phosphorylated and dephosphorylated forms of
the slow channels for a given set of conditions,
including the level of cyclic AMP. Thus,
agents that act to elevate the cyclic-AMP level
would increase the fraction of the slow channels
that are in the phosphorylated form, and hence
available for voltage activation. Such agents
would increase the force of contraction of the
myocardium.

There are some positive inotropic agents that
induce the slow channels, but do not elevate

cyclic AMP, e.g., angiotensin II {25} and flu-
oride ion (< 1 mM) {24, 26}. Flouride ion
may act by inhibiting the phosphoprotein
phosphatase which dephosphorylates the slow-
channel protein, thereby resulting in a larger
fraction of phosphorylated channels; that is, in-
hibition of the rate of dephosphorylation
should have the same effect as stimulation of
the rate of phosphorylation. Angiotensin may
activate a non-cyclic-:AMP-dependent protein
kinase. Thus, the results with angiotensin and
fluoride can be fitted within the framework of
the phosphorylation hypothesis.

The role, if any, of cyclic GMP in the func-
tioning of the slow channels is not known.
However, in some cases, injection of cyclic
GMP depresses ongoing slow APs (Bkaily and
Sperelakis, unpublished observations). It is not
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FIGURE 8-16. Selective blockade of the slow channels by acid pH. Bicarbonate—CO, buffer. A 20-day-old chick embryo
heart was perfused with normal Ringer solution and paced at a rate of 0.5/s. (A—C) Normal fast APs. (A) Normal fast
action potential and contractions at pH 7.4. (B) At pH 6.6, force of contraction was greatly reduced, whereas the action
potentials were almost unaffected. (C) At pH 6.2, contractions were completely abolished, with almost no effect on the
fast APs, i.e., excitation—contraction uncoupling was produced. (D-H) Blockade of isoproterenol (10~ M)-induced slow
AP responses at low pH (bicarbonate—CO, buffer system) (25 mM {Kl,). (D) Control slow AP response and mechanical
record at pH 7.4. (E-G) Progressive blockade of slow AP responses and accompanying contractions as pH of perfusing
solution was lowered. (H) At pH 6.1, complete blockade of slow APs and contractions occurred. Upper trace gives dV/
d#, from which maximal rate rise of action potentials was obtained. Modified from Vogel and Sperelakis {29].

clear whether any of the effects of ACh are me-
diated through changes in cyclic-GMP level. It
is also unknown what the role of Ca-calmodu-
lin-activated protein kinase is in operation of
the myocardial slow channels. However, tri-
fluoperazine (TFP), an inhibitor of calmod-
ulin, depresses the slow APs (Bkaily, Spere-
lakis, and Eldefrawi, unpublished observa-
tions).

In a test of the phosphorylation hypothesis,
Bkaily and Sperelakis {27} demonstrated that
intracellular injection (by the liposome
method) of an inhibitor of protein kinase
(cyclic AMP dependent) blocks the myocardial
slow channels.

SELECTIVE BLOCKADE BY ACIDOSIS

The myocardial slow channels are selectively
blocked by acidosis {28, 29]. Vogel and Sper-
elakis {291 showed that the slow APs induced
by isoproterenol, for example, are depressed in
rate of rise, amplitude, and duration as the pH
of the perfusing solution is lowered below 7.0
(fig. 8-16). The slow AP is 50% inhibited at
pH 6.6, and is completely abolished at pH
6.1. (The slow APs should be abolished before
all the slow channels are blocked because of the
requirement of a minimum density of slow
channels for regenerative and propagating re-
sponses.) The contractions are depressed in par-
allel with the slow APs. Since two different
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buffer systems, HCO; —CO, and PIPES, gave
similar results and about equally fast, and since
the PIPES buffer system should only slowly
change the intracellular pH, it appears that the
blockade of the slow channels occurs with acid-
ification of the outer surface of the cell mem-
brane. This could change the surface charge of
the membrane and/or the conformation of the
slow-channel proteins.

Acidosis has little or no effect on the normal
fast AP, i.e., the rate of rise remains fast and
the overshoot and duration are only slightly af-
fected. However, the contractions become de-
pressed and abolished as a function of the de-
gree of acidosis; that is, excitation—contraction
uncoupling occurs, as expected from a selective
blockade of the slow channels.

Since the myocardium becomes acidotic dur-
ing hypoxia and ischemia (glycolysis is in-
creased, and lactic acid diffuses into the inter-
stitial fluid space), it is likely that part of the
effect of these metabolic interventions on the
slow channels is mediated by the accompanying
acidosis and not solely by a decrease in ATP
level. Consistent with this, the effects of hy-
poxia on the slow AP were almost immediately
reversed, but only partially and transiently, by
changing the pH of the perfusing solution to
8.0; the responses gradually diminished further
during the hypoxia at the alkaline pH [30].

INTRINSIC CONTROL OVER Ca’* INFLUX:
PROTECTION HYPOTHESIS

The Ca** influx of the myocardial cell is con-
trolled by extrinsic factors (table 8—1). For ex-
ample, stimulation of the sympathetic nerves
to the heart or circulating catecholamines or
other hormones can have a positive inotropic
action, whereas stimulation of the parasympa-
thetic neurons has a negative inotropic effect.
The mechanism for some of these effects is me-
diated by changes in the levels of the cyclic
nucleotides. This extrinsic control of the Ca’*
influx is enabled by the peculiar properties of
the slow channels, as, for example, the postu-
lated requirement for phosphorylation.
However, in addition, there is intrinsic con-
trol by the myocardial cell itself over its Ca®*
influx (table 8—1). For example, under condi-
tions of transient regional ischemia, many of

the slow channels become unavailable (or si-
lent). This effect may be mediated by lowering
the ATP level of the affected cells and by the
accompanying acidosis (since slow-channel
blockade during hypoxia occurs faster at acid
pH than at alkaline pH). Acidosis presumably
blocks the slow channels directly, and meta-
bolic interference causes indirect inactivation of
the slow channels. Both effects are relatively se-
lective for the slow channels.

Thus, the myocardial cell can partially or
completely suppress its Ca’* influx (which is
part of the inward slow current, I;) under ad-
verse conditions. This causes the affected cells
to contract weakly or not at all and, since most
of the work done by the cell is mechanical, this
conserves ATP. Such a mechanism may serve
to protect the myocardial cells under adverse
conditions, such as transient regional ischemia
during coronary vasospasm. If the myocardial
cell could not control its Ca’* influx, then the
ATP level might drop so low under such con-
ditions that irreversible damage would be
done, i.e., the cells would become necrotic.
Because of the peculiar properties of the slow
channels, they become inactivated, thus uncou-
pling contraction from excitation and conserv-
ing ATP. The cells could then recover fully
when the blood flow returns to normal.

The almost normal resting potential and re-
tention of fast APs in the ischemic zone would
allow propagation through this area to be nor-
mal, thus minimizing the chances for the in-
duction of arrhythmias. The effect of metabolic
interference on shortening the AP after 30—120
min (due to enhanced kinetics for gg turnon
that terminates the AP) would also help to shut
off I; more quickly, thereby reducing the total
Ca’" influx per impulse and so helping to con-
serve ATP.

The AP in the ischemic region may be either
a slow-channel AP or a depressed fast-channel
AP. The depression of the rate of rise is caused
by the partial depolarization of the cells due to
K" accumulation in the interstitial space and
perhaps to depression of electrogenic Na™*
pumping. (Progressive depolarization voltage
inactivates a progressively larger fraction of the
fast Na* channels due to closing of their inac-
tivation {I} gates.) Many of the slow channels
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also would be expected to be blocked because
of the acidosis and lowered ATP level.

Blockade of the Slow Channels
by Acetylcholine

The parasympathetic neurotransmitter, acetyl-
choline (ACh), exerts a negative inotropic effect
on the heart, as well as a negative chronotropic
effect by action on the SA nodal cells. Because
of the positive treppe (staircase) phenomenon of
cardiac muscle, the latter effect also produces a
negative inotropic effect. ACh is well known to
increase gx, and thereby can hyperpolarize SA
nodal cells (therefore depressing automaticity)
and shorten the duration of the AP in atrial
myocardial cells. This would also tend to sup-
press slow APs in atrial cells by increasing the
overlapping outward K" current, and so di-
minishing the zet inward (slow) current.

In ventricular myocardial cells, activation of
the muscarinic receptor by ACh reverses the
stimulation of the adenylate cyclase complex
produced by beta-adrenergic agonists. Activa-
tion of the beta-adrenergic receptor activates
the (stimulatory) regulatory component of the
adenylate cyclase complex, whereas activation
of the muscarinic receptor activates an inhibito-
ry regulatory component of the enzyme (see fig.
8-21).

Josephson and Sperelakis {31} demonstrated,
from voltage-clamp experiments on cultured
chick ventricular cells, that ACh has a dual ef-
fect: it increases the outward K* current and
depresses the inward slow current, I; (figs. 8—
17 to 8-19). Figure 8—17 illustrates a typical
voltage-clamp experiment for measuring the
intensity of inward I; and outward Igx. A hold-
ing potential of —50 mV, as well as the addi-
tion of TTX in some cases, was used to inacti-
vate the fast Na™ channels. Progressively larger
clamp steps between —30 mV and — 10 mV
increased I; progressively; larger depolarizing
clamp steps (e.g., to O mV and + 10 mV) de-
creased I; because of the diminished electro-
chemical driving force (E,, — E). The out-
ward Ix increased with larger depolarizing
clamp steps. These data are plotted as current—
voltage curves in figure 8—18 (control curves).
The peak inward I; has a relatively broad peak

(between about — 15 mV and 0 mV), and the
reversal potential for I; is about + 20 mV. Fig-
ure 8—18 also shows the dual effect of ACh to
depress I; and to potentiate the outward K™
current.

Figure 8-19 illustrates control current—volt-
age curves from another experiment, and also
illustrates the fact that verapamil greatly de-
presses I;, with almost no effect on the out-
ward Ix current, thus helping to identify the
inward current as a slow inward Ca’>* current.

Blockade of Slow Channels by Drugs
and Anesthetic Agents

The calcium-antagonistic drugs, such as verap-
amil, D-600, nifedipine, diltiazem, and bepri-
dil, block the voltage-dependent slow channels
(Ca’" and Ca-Na types) found in myocardial
cells, Purkinje fibers, nodal cells, and VSM
cells. Some Ca antagonists, such as verapamil,
D-600, and nifedipine (but not diltiazem, be-
pridil, and mesudipine), also block the slow
Na® channels found in young (three-day-old)
embryonic chick hearts {12, 35}.

Figure 8-20 illustrates the effect of verapa-
mil on blocking the slow APs in guinea pig
papillary muscle and of nifedipine on blocking
the isoproterenol-induced slow APs in guinea
pig papillary muscle (A-D) and guinea pig
Purkinje fibers (E—H) driven at a constant rate
of 0.5 Hz. As indicated, nifedipine is more po-
tent than verapamil in blocking the slow chan-
nels {32, 33]. The general order of potency of
the calcium-antagonistic drugs in blocking the
slow channels of various heart tissues is: nifedi-
pine > diltiazem = verapamil > bepridil
[34}.

By definition, to be a member of this class
of compounds, a drug must block the slow
channel by a direct action on the cell mem-
brane channel itself (and not indirectly via met-
abolic depression or acidosis, for example), and
this action must be relatively specific for the
slow channel in contrast to the other types of
voltage-dependent ion channels (e.g., fast Na™
channel or delayed rectifier K™ channel). Thus,
this definition would distinguish Ca antago-
nists from local anesthetics or metabolic poi-
sons, for example.
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FIGURE 8-17. Membrane currents obtained during voltage clamp of a cultured chick heart cell reaggregate. TTX (10~

6

M) and isoproterenol (10~ M) were present in the superfusing solution. The holding potential was — 50 mV. Therefore,
the inward fast Na* current was prevented by block of the fast Na* channels with TTX and by their voltage inactiva-
tion. Depolarizing clamp steps of 300-ms duration were applied (at frequency of 0.3/s) to membrane potentials of — 40,
—30, —20, —10, 0, and + 10 mV sequentially. A small inward slow current component () is visible at —30 mV,
and increases to a maximum at — 10 mV. Greater depolarizing clamps decrease I; (due to a decreased electrochemical
driving force [E,, — E}). The outward K™ current (Ik) becomes progressively larger at the greater clamp steps. Capacity
currents are not visible in some cases. From Josephson and Sperelakis {31}.

Some Ca antagonists, such as bepridil, may
exert, in addition, a second action, e.g., intra-
cellularly to depress Ca>* uptake into or release
from the SR [36}. The evidence for a second
effect of bepridil was the fact that this drug
depressed cardiac contractile force more than
could be accounted for by the depression of the
inward slow Ca’" current. Consistent with the
possibility of a second intracellular effect, be-
pridil and verapamil were shown to enter the

myocardial cells, the order of uptake being: be-
pridil > verapamil = nitrendipine >> nifedi-
pine > diltiazem {37, 38}. This order of up-
takes followed the order of lipid solubilities
[38]. In addition, those Ca antagonists that
readily enter the cells have the possibility of
exerting their effect on the slow channels from
the inner surface of the cell membrane. For ex-
ample, it was recently shown that a charged
quaterpary ammonium derivative of D-600 had
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FIGURE 8-18. Effects of ACh on membrane currents in
the presence of isoproterenol in a cultured chick heart
(ventricular) cell reaggregate. Filled circles represent I
obtained in the presence of TTX (10~ ° M) and isoproter-
enol (107°¢ M); outward currents (at 300 ms) are shown
as unfilled circles. The triangles are currents recorded after
3-min exposure to ACh (10_6 M); outward currents are
plotted as unfilled triangles, and the inward currents as
filled triangles. These data demonstrate that ACh, not
only increases the outward I, but also depresses the in-
ward I;. Modified from Josephson and Sperelakis {31].

no effect on the inward slow current of myocat-
dial cells when added to the bathing solution,
but did depress L; when injected intracellularly
[26].

Ca’" binding to isolated sarcolemmal mem-
branes (vesicles) was inhibited by verapamil
and bepridil in a dose-dependent manner, ver-
apamil being the more potent of the two, as it
is in inhibition of slow APs {37]. Since Ca’*
binding to the outer mouth of the slow channel
(as depicted in fig. 8-3) is probably the first
step in ion permeation through the channel,

a’" displacement could be one possible mech-
anism for blockade of Ca’* entry by verapamil

and bepridil, although this would not readily
account for the frequency dependency of the ef-
fect of these two drugs. On the other hand, the
frequency independent block of Ca** entry by
Mn®*, Co®*, or La’" ions could be by such a
mechamsm. Nifedipine and diltiazem did not
inhibit Ca’* binding [39]. Thus, there are
great differences in properties of the calcium-
antagonistic drugs, and they may block the
slow channels by different molecular mecha-
nisms, as might be predicted from their widely
different chemical structures.

Apparent reversal of the block of the slow
APs and contractions by the Ca antagonists by
elevation of [Cal, may result from either of two
mechanisms: (a) competition between Ca’*t and
drug for binding to the outer mouth of the
channel, or (b) the increased electrochemical
driving force for Ca’" influx through the frac-
tion of slow channels not blocked by the drug.
The latter mechanism probably operates in all
cases, whereas the former mechanism may be
involved with some of the drugs, such as verap-
amil and bepridil.
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The effect of most of the calcium-antagonis-
tic drugs on depression of the slow APs and
inward slow Ca’" current (I) is frequency de-
pendent; that is, the higher the frequency of
stimulation, the greater the blocking effect on
the slow channels. For example, a dose of drug
that completely blocks the slow APs at a drive
rate of 1 Hz may exhibit no effect at 0.1 Hz.
This effect is prominent in the action of all this
class of drugs, although nifedipine seems to
have a lesser frequency dependence than the
other drugs. In contrast, Ca”-entry blockers,
such as Mn?", Co?", and La®>*, do not exhibit
a frequency dependency; that is, the effect of
Mn’", for example, is present even to the first
stimulation after equilibration of the Mn’* un-
der resting conditions.

This frequency dependency of effect suggests
that the calcium-antagonistic drugs do not act
as simple plugs for the Ca’* slow channels, as
perhaps Mn>" or La>* might act. Rather, this
property suggests that the drug might act to
slow the recovery process of the slow channel
from the inactive state back to the resting state
(see fig. 8-3). If so, then a slow drive rate or a
long quiescent period (e.g., 20—60 s) would al-
low complete recovery of the drugged slow
channel before the next excitation occurred. To
exert such an effect on the gate recovery kinet-

FIGURE 8-19. Effect of verapamil (10_6 M) on membrane
currents recorded from a reaggregate cell culture. Solid
circles are peak I; recorded with TTX (10_6 M) and iso-
proterenol (10~ M) present; open circles represent out-
ward currents (at 300 ms). The triangles are values after
3-min exposure to verapamil ( 107 M); open triangles
show outward currents and filled triangles the values for
I;. These data show that verapamil depresses I; and has
almost no effect on the outward Ix. From Josephson and
Sperelakis {31}.

ics, the drugs could bind anywhere on the
channel protein. An alternative possibility is
that the drug binds to the channel only in the
active state or inactive state (membrane also de-
polarized) to block it, and then dissociates be-
fore conversion of the channel to the resting
state. There is some evidence that binding of
the drug is voltage dependent, depolarization
favoring binding and hyperpolarization favor-
ing unbinding.

Another possibility to be considered is that
any drug which affected the phosphorylation of
the slow channels by some direct means would
also effectively block the slow channels selec-
tively, and could account for the drug’s fre-
quency dependence. Consistent with this pos-
sibility, it was recently found that several of
the calcium-antagonistic drugs, such as verapa-
mil, inhibited the cyclic-AMP-dependent
phosphorylation in vitro of three membrane
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FIGURE 8-20. Induction of the slow action potentials (APs) and their block by calcium-antagonistic drugs. (A-D)
Papillary muscle (guinea pig). (E-H) Purkinje fiber (guinea pig). (A and E) Normal fast APs. (B and F) Elevation of
[Kl, to 25 mM (B) or 20 mM (F) depolarized to about —45 mV and blocked excitability (shock artifacts only visible).
(C and G) Addition of isoproterenol (10_6 M) rapidly induced slowly rising APs, and slow APs. (D and H) Addition
of verapamil (5 X 107¢ M) (D) or nifedipine (10”7 M) (H) rapidly depressed and blocked the slow APs. The driving
rate for the slow APs was 0.5 Hz. The upper straight line in each panel is the zero potential level, and the lower trace
is dV/d¢, the peak excursion of which gives V.. The voltage and time calibrations are the same throughout; the dV/d¢
calibration bars represent 500 V/s for A and E, and 10 V/s for B—D or 20 V/s for F-H. Modified from Molyvdas and

Sperelakis {32, 33].

proteins (Carty, Sperelakis, and Villar-Palasi,
unpublished observations).

A number of other chemicals and drugs also
block the myocardial slow channels, including
local anesthetics {40} and volatile general an-
esthetics {41]. The local anesthetics, lidocaine
and procainamide, however, blocked the slow
channels nonspecifically; that is, the dose—re-
sponse curve for the slow APs were identical to
that for the fast APs. In contrast, depressed fast
APs, produced in 10 mM [K},, were about
tenfold more sensitive to lidocaine {42}. Halo-
thane and enflurane are more selective in inhib-
iting the slow channels of the heart than the
fast Na*t channels [43].

Excitation and Conduction of the Slow
Action Potentials

The slow APs have a stimulation threshold
nearly tenfold higher than that for the fast
APs, i.e., slow APs have a lower excitability.
The threshold potential (V) for the slow APs
is at an E, of about —35 mV, whereas that for
the fast APs is about —55 mV, i.e., the criti-
cal depolarization required to excite is larger
for the slow APs (assuming an unchanged rest-
ing potential of —80 mYV). Chronaxie of the
slow AP (0.9 ms) is about tenfold higher than
that for the fast AP [43}.

The slow APs propagate at a velocity of
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about 4—-10 cm/s {44}. In a simple cable, con-
duction_velocity (8) should vary directly with
the V'V ., [45]; that is, the faster the rate of
rise of the AP, the faster the propagation.
(There are exceptions to this in cardiac muscle
when comparing transverse propagation versus
longitudinal propagation, because the tissue is
not a simple cable.) Thus, if the fast AP in
cardiac muscle propagates at 0.40 m/s for a
Vmax Of 150 V/s, then if V,,,, is reduced to 15
V/s for the slow AP, 0 should be reduced by

10 times or to 0.127 m/s. However, propa-
gation velocity is decreased more than the pre-
dicted amount in both myocardium (12.7 cm/s
predicted vs 4—10 cm/s actual) and Purkinje fi-
bers (0.2 m/s predicted vs <0.1 cm/s actual)
[46}. The latter authors attributed the discrep-
ancy to the slow AP, seeing a higher effective
membrane capacitance (C) i.e., a higher ca-
pacitive reactance (X,). It is not known to what
degree decremental conduction may occur, i.e.,
decreasing propagation velocity and response
amplitude as a function of the distance along
the muscle.

Some studies have focused on the ability of
propagating fast APs to trigger slow APs. In
rabbit left atrial strips (composed of homoge-
nous parallel bundles of fibers) compartmental-
ized into three functional segments, the left
(test) segment being exposed to 12.7 mM [K],
and 1 mM {Bal, to depolarize sufficiently to
block the fast APs, Masuda et al. {44} found
that high-frequency (0.63-2.5 Hz) stimulation
caused 2:1 block due to fatigue of the slow AP
(slowness of recovery of excitability). However,
low-frequency (0.13—0.4 Hz) stimulation also
produced complete block. Therefore, there was
a limited frequency range in which a normal
fast AP could stimulate slow APs at a sustained
1:1 ratio. The low-frequency block was attrib-
uted to the observed reduced amplitude and
duration of the atrial fast AP, since ACh,
which shortens the plateau of the atrial AP,
also blocked the development of the slow AP
in the test compartment when it was added to
the middle compartment. Hence, the ampli-
tude and duration and frequency of the fast
APs determined whether they served as effec-
tive stimuli for the slow APs in the depolarized
region.

Cukierman and Paes de Carvalho {43} stud-
ied the properties of “membrane” (nonpropa-
gated) slow APs induced (stimulated with a
suction electrode) in short (2—3 mm) atrial tra-
beculae from rabbit left atrium by 1 mM [Ba},
and 10 mM {K},. The resting potential in the
high K™-Ba’* solution was — 55 mV, the am-
plitude of the slow APs was 60 mV, and the
APDs, was 84 ms. The slow AP upstroke was
always initiated from a small subthreshold-
depolarizing step. The slow AP was all-or-
none. The slow AP fatigued at high pacing
rates (>1 Hz), and a fully developed slow AP
could only be obtained within a certain fre-
quency range, as found in the long strip prep-
aration of Masuda et al. [44].

Possible Role of Slow Action Potentials
in Arvhythmias

Slow APs have been implicated in the genesis
of arrthythmias {43, 47-49]. Propagating fast
APs can trigger slow APs in depolarized re-
gions [46}. Slow conduction in a pathway al-
lows circus movement of excitation around that
pathway, and may lead to reentrant type of ar-
thythmias. There is a requirement of one-way
conduction through the depressed area, and the
length of the reentry loop is critical, depending
on velocity. In an ischemic or infarcted zone,
and the surrounding border zone, there is a de-
pressed area with slowed conduction. Partial
depolarization of the cells in this area occurs
because of a high {K1, due to the hypoxia/isch-
emia and consequent impaired metabolism. In
addition, there is norepinephrine (NE) release
from the sympathetic nerve terminals.

NE release should elevate cyclic AMP and
increase the number of available slow channels,
tending to increase I; in the cells in the isch-
emic zone. However, the hypoxia/ischemia
should tend to depress I; because of the accom-
panying lowered ATP level and the metabolic
dependence of the slow-channel functioning.
Therefore, the ischemic AP can be either (a) a
depressed fast AP (i.e., an AP whose inward
current is carried through fewer fast Na* chan-
nels) due to the partial depolarization (and the
ho vs E,, relationship), or (b) a pure slow AP
(i.e., an AP whose inward current is carried
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only through slow channels) if the K™ depolar-
ization is great enough such that complete
voltage inactivation of all (or most) fast Na™*
channels has occurred (at about —55 mV).
There is some evidence for both possibilities
[471.

Evidence that the ischemic AP is a depressed
fast AP includes the fact that TTX blocks the
AP whereas verapamil does not {50,51}. Ad-
ditional points supporting the view that the
ischemic AP is a depressed fast AP and not a
slow AP are: (a) the metabolic dependence of
the functioning of the slow channels, and (b)
the dyskinesis or akinesis of the ischemic area.
It is likely that the degree of K* accumula-
tion, and hence depolarization, is one factor de-
termining the nature of the AP in the ischemic
zone; other factors may be the amount of the
catecholamines released that persists in the in-
terstitial fluid and the degree of ATP depletion
and acidosis in the afflicted cells.

Although local anesthetics depress and block
slow APs at the same concentrations that de-
press the normal fast APs {401, the depressed
fast APs are nearly tenfold more sensitive to
these drugs {42]. Thus, lidocaine and procain-
amide and related antiarrhythmic agents can
relatively selectively suppress depressed fast
APs in ischemic/infarcted regions, and thereby
suppress dysrhythmias.

The APs in the ischemic area have slow up-
stroke velocities (V,,.), are conducted slowly
(ca. 0.05 m/s), and about 35% of the APs have
notched upstrokes or two peaks {48]. There are
delays and possibly decremental conduction.
The depressed area exhibits one-way block, fre-
quency-dependent block, and the Wenckebach
phenomenon. There is a low safety factor for
conduction, causing the impulse to be prone to
block at impediments. Structural inhomogene-
ities/asymmetries and pathologic changes can
act as impediments to conduction {48]. In ad-
dition, premature excitation can unmask asym-
metries, and so a premature impulse may travel
more readily in one direction than the other.
Such unidirectional block of a premature im-
pulse sets up one condition necessary for circus
movement, namely, one-way conduction. In-
creases in resistance of the cell-to-cell junctions

(or in junctional cleft width) during hypoxia/

ischemia were suggested as causes of conduc-
tion impediment {48].

Effect of {Cal; on Membrane Channels

[Ca}; has profound effects on membrane electri-
cal properties (fig. 8—21). A depolarizing after-
potential following a conventional hyperpolar-
izing afterpotential was first described in
cultured embryonic chick heart cells by
Lehmkuhl and Sperelakis {52}, who turned
trains of spontaneous APs on and off by apply-
ing hyperpolarizing current pulses of various
intensities. They thereby demonstrated that
each AP in a train was triggered by the preced-
ing AP by means of the delayed depolarizing
afterpotential. Ferrier and Moe {531, subse-
quently described this phenomenon in mam-
malian heart, and called it a delayed afterde-
polarization (DAD). They showed that cardiac
glycosides and elevated [Ca}, potentiated the
DAD, that calcium-antagonistic drugs depress
and abolish the DAD, and pointed out its pos-
sible importance in arthythmogenesis.

Kass et al. {541 showed that the DAD is not
directly produced by an inward Ca’* current,
but rather indirectly by release of Ca’* from
the SR, which, in turn, produces an increase in
a nonspecific leakage-type conductance for a net
inward depolarizing current, the transient in-
ward current (I;). The reversal potential (E,.)
for It is about —5 mV, and is sensitive to
[Na}, but not to {Ca},. The increase in [Ca}
opens a nonspecific voltage-independent post-
synaptic type of ion channel that allows both
Na* and K* to pass through. This type of
channel would be somewhat analogous to the
Ca’ " -activated K* channel [gg.c,} [26].

I1; and concomitant aftercontractions are en-
hanced by digitalis, K -free solution, catechol-
amine, and elevated [Cal,. The effects of digi-
talis and K-free solution can be explained by
inhibition of the Na-K pump. For example,
ouabain potentiates Ir; by inhibiting the Na-K
pump, thereby increasing [Na};,, which in-
creases [Ca}; via the Ca-Na exchange system.
The elevated {Ca};, in turn, triggers Ca’" re-
lease from the SR by the Ca-trigger-Ca mech-
anism of Fabiato and Fabiato {53}. An oscilla-
tory release of Ca’" can account for the
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FIGURE 8-21. Diagrammatic summary of some of the properties of the ion channels in myocardial cell membrane.
Included are the mechanism of action of some positive inotropic agents, such as beta-adrenergic agonists, histaminic H,
agonists, and methylxanthines (phosphodiesterase inhibitors). The beta agonists and H, agonists act on the regulatory
component (guanine nucleotide binding protein) of the adenylate cyclase complex to stimulate cyclic-:AMP production.
The voltage-dependent myocardial slow (Ca-Na) channels are dependent on cyclic AMP and on metabolism, presumably
because a protein constituent (or regulatory component) of the slow channel must be phosphorylated in order for it to
be in a form that is available for voltage activation. The sites of action of GPPONH)P and cholera toxin on the regulatory
component of adenylate cyclase are shown. Also depicted are the facts that the slow channels are selectively blocked by
acidosis and by calcium-antagonistic drugs (“slow-channel blockers”). Also schematized are two types of ion channels
that are voltage independent, but activated by internal Ca®>* ion: a K*-selective channel (gxcay and a nonselective Na-

K channel (g, k(cay)- From Sperelakis {56}.

damped oscillations in Ir; (and in DADs and
aftercontractions) sometimes observed. Ip; is
abolished by pretreatment with caffeine (10
mM) to deplete the SR stores of Ca’*. The
progressive potentiation of the DAD or Iy; dur-
ing a train of impulses can be explained by pro-
gressive loading of the SR with Ca’ ™.

Thus, elevation in [Ca}; activates at least two
different types of ion channels: (a) the nonspe-
cific channel conductance (gn,, k(ca) that under-
lies I; and DAD, and which may be important
in genesis of dysthythmias and even in cardiac
plateau formation; and (b) the Ca®™-activated
(Sr?* and Ba’" can substitute for Ca’t) K*
channel conductance (gk(c,), which may be im-
portant in shortening of the cardiac AP. In ad-
dition, Marban and Tsien {49} provided evi-
dence that elevation of {Cal; (but not Sr*™)

increases the voltage-dependent I; in Purkinje
fibers, and that this might mediate some of the
effects of cardiac glycosides. The mechanism
for this effect of {Ca}; could involve the Ca-
calmodulin-activated protein kinase and phos-
phorylation of the slow channels. This positive
feedback effect of [Cal; may not explode be-
cause higher [Ca}; could inhibit Ca’* entry
(negative feedback), either by somehow block-
ing the channels and/or decreasing the electro-
chemical gradient for Ca** entry.

Summary and Conclusions

Ca’" ion influx through voltage-dependent and
time-dependent slow channels during the car-
diac action potential is the key step in excita-
tion—contraction coupling and determines the
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force of contraction of the heart. The model for
slow channels is similar to that for fast Na™
channels, except that the slow channels (a) have
gates that open and close more slowly, (b) the
gates operate over a different voltage range (less
negative activation and inactivation voltages),
and (c) are blocked by different agents (e.g., by
calcium-antagonistic drugs such as verapamil
and tetrodotoxin {TTX}). In addition, the slow
channels have some special properties (in com-
parison with fast Na® channels and various
types of K™ channels) that enable the myocar-
dial cell to exercise control over its Ca’* influx
in response to intrinsic and extrinsic factors and
hormones/neurotransmitters. These peculiar
properties include: (a) energy dependence, (b)
pH dependence, and (¢) cyclic-AMP depen-
dence.

The sympathetic neurotransmitter, norepi-
nephrine, catecholamine hormones, angiotensin
II, histamine, and methylxanthines rapidly in-
duce slow Ca-Na channels in myocardial cells.
Following blockade of the fast Na™ channels
with TTX or by voltage inactivating them in
25 mM {[K],, these agents rapidly allow the
production of slowly rising APs by increasing
the number of slow channels available for volt-
age activation and/or their mean open time.
Concomitantly, these compounds rapidly ele-
vate intracellular cyclic-:AMP levels, suggesting
that cyclic AMP is somehow related to the
functioning of the slow channels. Exogenous
cyclic AMP produces the same effect, but
much more slowly.

Exposure of intact myocardial cells to the
GTP analogue, GPP(NH)P, also induces slow
APs within 10-20 min. This effect is presum-
ably by activation of the adenylate cyclase com-
plex. Intracellular injection of cyclic AMP,
GPP(NH)P, and cholera toxin (also an activa-
tor of the adenylate cyclase complex) rapidly
induces or potentiates ongoing slow APs in the
injected cell. Thus, the time delay between ex-
posure to the agent and an observed effect is
greatly reduced by intracellular application of
the agent. These results clearly indicate the key
role played by cyclic AMP in regulation of the
Ca’" slow channels and hence Ca’* influx and
force of contraction.

The induced slow channels are very sensitive
to blockade by metabolic poisons, hypoxia, and

ischemia (fig. 8-21). The slow AP is blocked
at a time when the rate of rise and duration of
the normal fast AP is essentially unaffected.
However, the contraction accompanying the
fast AP is depressed or abolished, i.e., contrac-
tion is uncoupled from excitation, as expected
from slow-channel blockade. The ATP level is
greatly reduced by the metabolic poisons, e.g.,
by valinomycin and DNP, at the same time
that the slow channels are blocked {55]. There-
fore, the slow channels are metabolically de-
pendent, presumably on ATP, whereas the fast
Na™ channels are not. A second, but much
slower, effect of metabolism is to increase the
kinetics of gx turnon, perhaps mediated by an
increase in steady-state {Cal;.

The dependence of the myocardial slow
channels on cyclic-AMP level and on metabo-
lism suggests that phosphorylation of a mem-
brane protein constituent of the slow channel,
or of an associated regulatory protein, by a
cyclic-:AMP-dependent  protein kinase and
ATP, may make it available for voltage activa-
tion (see Sperelakis {56, 571). The dephosphor-
ylated slow channel would be electrically si-
lent, i.e., nonfunctional. Phosphorylation may
produce a conformational change that allows
the gates of the slow channel to operate in re-
sponse to membrane potential.

The slow channels are also selectively sensi-
tive to blockade by acid pH; that is, at pH
6.8-6.1, the slow AP is depressed or blocked.
In contrast, the fast AP is not much affected,
but excitation—contraction uncoupling occurs.
Part of the rapid effect of ischemia in blocking
the slow channels appears to be mediated by
the concomitant acidosis.

By these special properties of the slow chan-
nels, Ca’" influx into the myocardial cell can
be controlled by extrinsic factors, such as by
autonomic nerve stimulation or circulating hor-
mones, and by intrinsic factors, such as cellular
pH or ATP level. During transient regional
ischemia, the selective blockade of the slow
channels, which results in depression of the
contraction and work of the afflicted cells,
might serve to protect the cells against irre-
versible damage by helping to conserve their
ATP content.

The  parasympathetic  neurotransmitter,
ACh, depresses the inward slow current (Ig)
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stimulated by beta-adrenergic agonists, and po-
tentiates the outward K current.

The slow channels have a threshold potential
at about —35 mV (compared to about —55
mV for the fast Na* channels). The V.., of the
slow AP is about 10 V/s, and the propagation
velocity (0.04—0.10 m/s) is about one-sixth to
one-third that of the fast AP. The slow APs
fatigue at frequencies above 1 Hz. Fast APs can
trigger slow APs in K™ -depolarized regions.
Slow APs have been implicated in the genesis
of reentrant types of arthythmias in ischemic
zones, but there is also evidence that some
ischemic APs are depressed fast APs rather than
true slow APs; regardless, however, propaga-
tion velocity will be slow and there will be
conduction disturbances that can predispose to
dysrhythmias. Although local anesthetics de-
press and block slow APs and fast APs at the
same concentrations, depressed fast APs are
more sensitive to these drugs.

Delayed depolarizing afterpotentials have
also been implicated in genesis of arrhythmias
of the triggered automaticity type. These after-
potentials are due to an increase in {Ca}; open-
ing up a voltage-independent nonspecific post-
synaptic type of ion channel having an
equilibrium (reversal) potential at about —35
mV. Any condition, such as hypoxia/ischemia
or digitalis or catecholamines, that elevates
[Cal; potentiates the depolarizing afterpoten-
tial, and hence the possible triggering of AP
trains from these ectopic foci and producing
dysthythmias. Calcium-antagonistic drugs, by
their action to block the slow channels and
thereby suppress Ca’" influx and loading of the
SR, suppress these afterpotentials and prevent
such arrhythmogenesis.
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9. EXCITATION-CONTRACTION
COUPLING

Relationship of the Slow Inward Current to Contraction

Terence F. McDonald

Introduction

Although transient increases in Ca’* concen-
tration near the myofilaments underlie phasic
contractile events, the source of this Ca’" is
not the same for all muscle cells. In skeletal
muscle, the activator Ca’" comes nearly exclu-
sively from the cisternae of the sarcoplasmic re-
ticalum (SR) whereas in the frog heart it ap-
pears to come from extracellular locations.
Mammalian cardiac muscle lies between these
two extremes in that contraction seems to be
mainly dependent on Ca’" released from the
SR, but there is also a requirement for Ca’"*
influx across the sarcolemma. This flux of Ca®*
occurs as part of the slow inward current ()
passing through Ca’” -selective channels. Since
these channels open at potentials positive to
—50 mV, I; flows during the plateau of the
action potential and is therefore well placed to
participate in the excitation—contraction cou-
pling process. This chapter examines the role
of I;, with particular emphasis being given to
voltage-clamp experiments on mammalian ven-
tricular muscle.

The first section below contains brief de-
scriptions of I, intracellular Ca’™ stores, and
Ca*" release by the SR. The subsequent sec-
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tions highlight the key evidence in favor of I
fulfilling at least three functions in the excita-
tion—contraction process: (a) as a trigger for the
release of activator Ca’* from the internal SR
stores, (b) as a modulator of the amount of
Ca’" released, and (c) as a source for the re-
plenishment of the Ca’" stores in the SR.

Needless to say, there are many important
aspects of excitation—contraction coupling that
cannot be covered here. Na*-Ca®" exchange
fits into this category and, for a discussion of
this topic, the reader is referred to recent re-
views {1, 2} as well as to other chapters in this
book. In addition, one should consult earlier
reviews on excitation—contraction coupling
[e.g., 3-71; these offer a broad outlook on the
subject and, in some cases, a different point of
view than that expressed here.

Brief Overview of 1,;, Internal Ca’™*

Stores, and Ca’ " Release from the SR

I; is thought to flow through voltage- and
time-dependent Ca’* channels in a manner
analogous to Na™ flow through Na* channels.
Thus, a useful approach in the study of I; has
been the adoption of a Hodgkin—Huxley type
formulation to describe the current {3}:

Isi = &si (E - Esi)

where g; is the channel conductance, and (E —

187



188 I. CARDIAC MUSCLE

E,) is the driving force for I;. The time course
of gy is given by:

gi (1) = Zg + d(r) - fir)

where 75 is the maximal conductance, & is an
activation variable, and f an inactivation vari-
able. The dimensionless variables 4 and f have
steady-state values, . and f., between 0 and
1. The steady-state values depend on voltage
and are reached at a rate determined by the
voltage-dependent time constants, T, and Ty.

When step depolarizations are applied for
the resting potential or negative holding poten-
tial, the threshold for I; is between — 50 and
—35 mV. Depolarizations to more positive po-
tentials trigger I; whose peak amplitude in-
creases sharply between threshold and 0 mV,
and then declines to a small value at about
+ 50 mV. The zero current potential, or rever-
sal potential (Ey), is extremely difficult to mea-
sure. E; is probably between +50 and +80
mV, depending on the species {8—10}; if I
were solely a Ca>* current, the reversal poten-
tial would be near + 120 mV. Thus, the less
positive Eg indicates that the movement of
other ions, principally Na™ and K* {9, 10},
also contributes to I;. Even though the selec-
tivity of the channel for Ca’" is at least 100
times greater than for Na* or K™ [9}, the fact
that the current is not a pure Ca’’ current
complicates the interpretation of experiments
aimed at quantifying the relationship between
current and contraction. The assumption usu-
ally made, and followed here, is that the am-
plitude of I; is an indication of Ca’* current
amplitude. It should be borne in mind that
this assumption becomes less tenable and even
invalid at potentials near E;. A final note on
this description of I; is that it is an operational
one that may require modification as new infor-
mation becomes available. More complete
treatments of I; and Ca’ " channel behavior can
be found in the literature {11-16].

INTERNAL Ca’" STORES AND CONTRACTION

Studies incorporating anodal and cathodal
changes of the action potential duration in
mammalian cardiac preparations provided the
first suggestion of link between membrane

Ca’™ current, intracellular stores of activator
Ca’", and contraction. Antoni et al. [17], and
Wood et al. {18} in particular, hypothesized
that Ca®" flowing into the cell during an ac-
tion potential replenishes intracellular Ca*™*
stores; subsequent depolarizations would re-
lease this bound Ca’" and lead to myofibrillar
activation. As reviewed by Fabiato and Baum-
garten {19} in this book, evidence from exper-
iments on isolated SR vesicles and skinned car-
diac cells indicate that the site of internal Ca’*
store is almost certainly the SR.

The mechanism of Ca’" release by the SR is
unknown in both skeletal and cardiac muscle.
A major hypothesis is that a small increase in
the concentration of intracellular Ca’>* triggers
the release of a large quantity of Ca’* from the
SR. This concept arose from pioneering work
by Ford and Podolsky {20, 21} and Endo et al.
{22} on skinned skeletal muscle fibers, and by
Fabiato and Fabiato {23} on single skinned car-
diac cells. While further studies on skinned
skeletal muscle have led Endo {24] to reject
this hypothesis, the imaginative and careful ex-
periments of the Fabiatos over the past five
years {25—28} have greatly increased the credi-
bility of the hypothesis as applied to heart
muscle cells. The reader is referred to the chap-
ter by Fabiato and Baumgarten {19} for an ex-
tensive review of the evidence. A combination
of Ca’" uptake by the SR, Ca’* efflux via
Na*-Ca®* exchange, and Ca’* efflux by active
Ca®" pumping, would seem to be quite capa-
ble of restoring intracellular Ca®* concentra-
tion to its resting level within the appropriate
time frame.

1,; and Contraction when 1; Amplitude
Is Altered by Manipulation of
the Membrane Voltage

Since I; flows through channels whose gating
is dependent on voltage and time, the ampli-
tude of I; can be varried over a wide range by
the application of selected voltage-clamp se-
quences. A standard approach is to clamp the
membrane potential to a negative holding po-
tential and then to impose a series of voltage
pulses to more positive potentials. The pulses
usually have a duration approximating that of
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FIGURE 9-1. Steady-state dependencies of I; and peak
force on voltage in cat ventricular muscle. I; and force
were measured on 300-ms test pulses from —55 mV to
potential V,, (see schematic). Each test pulse was applied
after steady state had been attained with six pulses from
=55 to —10 mV for 300 ms at a rate of 0.2 Hz (Mc-
Donald and Trautwein, unpublished).

the action potential, and an amplitude that is
increased by 10-20 mV increments until the
voltage range from — 60 to +60 mV has been
explored. The simultaneous measurements of I
amplitude and force of contraction can then be
plotted against the pulse voltage to yield cur-
rent—voltage and tension—voltage curves. A
second means of altering I; amplitude is to
keep the potential of the test pulses constant,
but to apply the latter after voltage manipula-
tions designed to vary the proportion of Ca’"
channels that can be activated. The results of
these two types of experiments are presented in
the next two sections.

CURRENT-VOLTAGE AND TENSION-
VOLTAGE RELATIONS

Figure 9—1 illustrates the voltage dependencies
of I; amplitude and the force of contraction.
The data were obtained from a cat papillary
muscle and are similar in broad detail to pub-
lished results on ventricular preparations from

cat and other species. Three aspects which de-
serve attention are the threshold potential, the
relation between I; and the force of contraction
at potentials up to +20 mV, and the relation
at potentials positive to +20 mV.

Threshold potentials for the activation of I;
and the activation of contraction are very simi-
lar, if not identical, in ventricular muscle from
dog {291, cat {8], sheep {30}, and bull (Mc-
Donald and Trautwein, unpublished), as well
as in sheep Purkinje fibers {31]. In fact, New
and Trautwein {8} went so far as to state that
they never saw I; without tension, nor tension
without ;. In an earlier review of this topic
[71, it has been suggested that I; unaccompa-
nied by contraction can be observed after deple-
tion of presumed intracellular Ca’* stores. In
weighing up this statement, one should bear in
mind that the study cited does not support the
claim, and that, depending on techniques,
there may be a problem in detecting very small
forces in a voltage-clamped preparation.

There is a good correspondence between I;
amplitude and the force of contraction in ven-
tricular muscle at potentials between threshold
and about + 20 mV; this has been a common
finding in many species [e.g., 29, 32, 33}].
However, a problem arises at more positive po-
tentials where the decline in I; amplitude is
much steeper than that of peak tension. Again,
this has been a common finding {8, 29} and
has led to much agonizing over how a relatively
large contraction can be triggered by small I
at potentials near or even above Eg. In the light
of recent studies by Reuter and Scholz {9} and
Lee and Tsien {10} on the ionic nature of I, a
plausible explanation is that while net I; may
reverse between +50 and +80 mV, an in-
ward-directed Ca’" component could be pres-
ent at voltages up to + 120 mV.

A final note with regard to the voltage de-
pendencies of I; and contraction is that they are
affected by external Ca’* in a predictable way,
i.e., an increase in external Ca’™" increases both
I; and contraction {29, 32}.

Ca’* CHANNEL AVAILABILITY
AND CONTRACTION

I; amplitude can be manipulated over a wide
range by taking advantage of the time- and
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gating. For example, Ca’* channels undergo
inactivation when the membrane is depolarized
for about 0.5 s to potentials positive to — 50
mV. On the heels of such a depolarization, a
channel-opening pulse now elicits I;; whose am-
plitude is only a fraction of that triggered by a
similar pulse applied from potentials negative
to —50 mV. After a depolarization to — 20
mV, the channel-opening pulse elicits about
50% 1, and after a depolarization to 0 mV,
only about 5% of I; is available {3, 12]. Hy-
perpolarization can restore inactivated channels
to a state from which they can be opened
again. The fraction of channels restored is de-
pendent on the voltage achieved by the hyper-
polarization, and the rate of restoration (re-
moval of inactivation) is also a function of that
voltage.

Our interest here is to examine how the force
of contraction responds to changes in I; ampli-
tude produced by voltage sequences that alter
the conductance state of the Ca’* channels.
Figure 9-2 compares a control response with
those obtained when the Ca>* channel system
was either completely inactivated or partially
restored. The control clamp pulse from —50
to + 10 for 300 ms elicited large I; and con-
traction (right-hand panel). The Ca** channels
were then inactivated by moving the holding
potential to 0 mV. An activating pulse to the
same potential as before (+ 10 mV) now pro-

duced negligible I; and contraction (middle

panel). Inactivation can be removed by repolar-
izing the membrane to more negative poten-
tials. When this was accomplished with a 200-

FIGURE 9-2. I, and contraction after inactivation and
partial restoration of the Ca’" channel system in cat ven-
tricular muscle. After the control response (/eft-hand
panel), the Ca’* channels were inactivated by moving the
holding potential from —50 to 0 mV. Pulses to + 10
mV now produced negligible I; and tension (middle
panel). A 200-ms hyperpolarization to —50 mV resules
in partial removal of the inactivation as indicated by the
partial restoration of I; and tension on the subsequent test
pulse to + 10 mV (right-hand panel).

ms prepulse to —50 mV, the test activation to
+ 10 mV provoked I; and contraction whose
respective amplitudes were about 60% of con-
trol values (right-hand panel). This proportion-
ality between I; and contraction applies to the
voltage range between full availability and full
inactivation of Ca’* channels (— 60 to 10 mV;
see fig. 9-3). In addition, the proportionality
is also observed when the time course of I; res-
toration is examined (fig. 9-4). As inactivation
is removed during the hyperpolarization, I,
and peak contraction recover along the same
exponential time course.

From the information in figure 9—1, one
could have argued that contraction is related to
the level of depolarization, or to pulse ampli-
tude, and that the resemblence of the tension—
voltage curve to the I;—voltage curve is purely
coincidental. However, the results in figures 9—
2 to 9-4 provide a strong argument against the
possibility of a fortuitous relationship. The
level of depolarization supposition is ruled out
by the observations that pulses to the same p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>